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In this Issue 

Electrophoresis refers to the movement of molecules through a fluid or gel under 
the influence of an electric field, ft is useful for separating the components of a 
mixLure, since different molecules move at different rates, GeJ electrophoresis 
has become familiar as a result of the DMA spot patterns seen frequently in the 
news media. In capillary electrophoresis (CE), the gel is replaced by a fluid in- 
side a capillary, a glass lube about the size of a hair in diameter and about a 
meter in length, Near the end of the capillary is a detector, which measures the 
amount of light absorbed by the fluid in the capillary. As the various molecules, 
now separated into bands, pass the detector, the detector output voltage de- 
scribes a series of peaks that can be analyzed to determine what was in the 
mixture and how much of each component was present In some cases, CE makes analyses possible 
that can't be done otherwise. In other cases, it provides useful confirmation of analyses done by other 
methods. For these reasons, CE has become an established separation method along with gas chroma- 
tography (familiar for pollution analysis) and liquid chromatography (drug testing). The article on page 
provides a more detailed introduction to this relatively new analytical technique and recounts the history 
of CE research at HP, which has led to the development of the new HP G 1 6 00 A capillary electrophoresis 
instrument described in the article on page Itt The objectives for the design of this instrument were to 
overcome the perceived limitations of existing instruments in the areas of automation, sensitivity, repro- 
ducibility, usability, and information output. Major contributions to the sensitivity and information objec- 
tives are made by the detector and capillary designs. The detector (page 20) ts a diode array detector, 
which measures light absorption over a range of wavelengths/thereby providing spectral information 
that's useful in identifying unknown compounds. Sensitivity is improved by a new optical design of the 
detector and an improved deuterium light source. The detector works either with standard capillaries or 
with capillaries that have an extended lightpath, a bubble three to five times the diameter of the capillary, 
which helps increase the amount of light absorbed, thereby improving the signal-to-noise ratio. Details 
of this "bubble cell" technology can be found in the article Dn page 62. Contributions to the automation 
and usability objectives are made by ihe design of the capillary handling and sample injection tech- 
niques (pages 25 and 32), by the separation control electronics and firmware (page 36), and by the user 
interface design (page 44). Capillaries are mounted in cassettes, and all the necessary connections 
between the capillary and the rest of the system are made automatically when the cassette is inserted. 
Temperature control vial movement and pressunzatron, capillary flushing, sample injection, and buffer 
liquid replenishment are also handled automatically under program control, The user interface is imple- 
mented in HP ChemStation software running on a personal computer. Analytical methods are developed 
and tested (by simulation) on the ChemStation and downloaded to the CE instrument, where they run 
automatically. The reproducibility of each instrument is verified by an extensive final test procedure as 
described in the article on page 50. CE research at HP is continuing in several areas including the treat- 
ment of capillary surfaces for protein analysis, as described in the article on page 57. 

What happens if your PCs hard disk — or worse, your network server's hard disk — crashes? RAID tech- 
nology (RAID stands for Redundant Array of Inexpensive Disks) offers PC-based systems cost-effective 
data protection against a disk failure by providing an array of disk drives under the command of a single 
controller. HP Disk Array (page 71) delivers RAID data protection along with other features such as pre- 
dictable failure notification, automatic failure detection, and automatic disk-failure recovery. Many RAID 
systems are hard to install and configure and do not make it easy to recover from a disk failure. HP Disk 
Array comes with software utilities that address this problem. The hardware also offers ease-of-use 
features such as automatic identification and the ability to replace a disk drive while the system is in 
operation. 
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COBOL ts still the preferred programming language for a large number of critical business applications 
Many companies are now moving these applications to open systems. COBOL SoftBench (page 82i 
gives software developers the tools they need to make this transition without having to rewrite their 
applications in another language such as C or C++ (they can, if they wish, use these languages for some 
routines and COBOL for others). The widely used SoftBench CASE \ computer-aided software engineer- 
ing) environment provides a highly integrated toolset that includes a program editor, a program builder, a 
static analyzer, a COBOL animator, a COBOL profiler, a file comparator, and email, along with dozens of 
third-party tools. A mouse, a menu-driven user interface, graphical views of complex programs, and 
automation of repetitive tasks using the SoftBench message connector improve productivity and mini- 
mize the learning curve for novice users. 

Two papers In this issue are from the 1994 HP Design Technology Conference, ► Designers of a custom 
integrated circuit needed to provide their chip vendor with documentation describing the data path and 
control portion of their chip. The article on page 88 explains how they used commonly available elec- 
tronic schematic capture software to ensure that the documentation they provided always matched the 
descriptions they were using for simulation. ► In designing an interface between a 60-megahertz bus 
and a 120-megahertz bus, one HP design group chose to use standards cells and automatic place and 
route tools instead of a custom design Ipage 92). They recommend the approach for its reduced risk and 
the ease of making design changes. 

R.RDolan 
Editor 



Cover 

Heating a fused silica capillary in preparation for blowing a bubble in the capillary to improve detection 
sensitivity In capillary electrophoresis. The custom microglass lathe used in this process, nicknamed 
Bubble World, has four servoed axes and machine vision. (Photograph by BubbleWorld codeveloper 
Gary Gordon) 



What's Ahead 

The August issue will feature lOOVG-AnyLAN, HP's implementation of the demand priority local area 
network protocol defined by the IEEE 802.12 draft standard. Other articles will cover the HP AccuPage 
optical character recognition technology, a flat panel liquid crystal display, an economic model for soft- 
ware buy-or-butld decisions, and benchmark standards for evaluating ASIC supplier performance 
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Capillary Electrophoresis: 

A Product of Technological Fusion 

An introduction to capillary electrophoresis (CE), its different forms, and 
its applications, and the history of CE research at HR leading to the new 

HP CE instrument described in this issue, 

by Robert R. Hollo way 



Electrophoresis is one ofthemosJ powerful, if traditional, 
analytical methods, Pi iioa and Under, Hardy, and Ellis wore 
turn of the century pioneers in the analysis df hiocolloids 
f proteins and carbohydrates). By electrophoretic methods 
they were able to work with these previously intractable 
materials, Arne Tiselius ushered in the age of instrumenta- 
tion with a demonstration of the first cell for electrophoretic 
analysis in die 1940s, and in the 1990s electrophoresis is one 
of the musi visible icons of science, with TV and newspapers 
daily displaying eieeirnphnreiie DNA spni patterns. 

The fused silica capillary, a glass tube about the size of a 
hair, is a spin-off of tin* optical fifcier. ft exisls more because 
it could be made (by heat-drawing a laige glass mix.' iui<> a 
tiny one) than because il was seen as a powerful analytical 
tool li isnoi surprising ihai one of its grandest applications, 
capillary electrophoresis (CE), was not foreshadowed. 

VariOUS workers in I be Heetrophoreiie Held i "K\craer1s, 
Hjerten, Mikkers. VirlaneuK while aware oRhe benefits of 
going to small systems, did not employ die fused silica capil- 
lary. The growth of the method began when a few r workers, 
including scholars Jorgensen and Lukacs of the University of 
North Carolina, industrial researchers McManigill and Lauer 
of HP Laboratories, and others, not necessarily sophisticated 
in electrophoresis bul aware of the power of the capillary in 
gas chromatography (demonstrated by Ray Dandenau and 
Ernie Zerenner of Hewlett-Packard in 15)7h l i, conducted the 
first experiments in fused silica 

Separation Science 

[n analytical chemistry, separation is a fundamental process. 
A chemical substance is generally intimately mixed with 
many other substances, and its determination and identifica- 
tion is made considerably easier bj irs physical separation 
from the mixture. Thus, analytical chemists have worked 
hard to understand the separation process and to develop 
many modes of separation. 

The separation principle for a panicului separation method 
is ihe physical or chemical property thai varies in magnitude 
among the substances in a sample, in ehromatogJ^phy, tor 
example, the separation principle is often chemical affinity 
for chromatographic materials. A feature of CE is that its 
separation principle is orthogonal to that <>f ihjuhl chro- 
matography (LCl. or in other words, it has a completely 
different basis. 



Separation implies physical movement or transport In free 
solution capillary electrophoresis (FS< K> the simplest fcnw 
of CE, transport of a particular chemical species is the resut 
i hi of several driving forces, The species moves in re- 
sponse to an electric field, which ts important if it is 
charged It moves in response to the flow in the channel, 
which can be caused by the electric potential difference 
across the fluid-silica interface (eiectroosmotic flow) or by 
mechanical pumping of the fluid. Finally, its migration is 
aHecied by die fricrionaj drag it experiences, which depends 
on its size and shape and the viscosity of ihe Quid. 

Modes of CE 

CE is really a group of several procedures. CGE, or capillary 
gel electrophoresis, is art eniiancement of an Older technique 
IKK or 'm iHn i in focusing, has also been done in other h.n- 
mats, and is still in the process of adapt a I ion to the capillary. 
FTP. or isotachophoresis, has not found wide use bin has 
considerable potential for preparing pure chemicals. MEKC T 
or micellar electrokinetic chromatography (also called by 
other acronyms), is a completely new method that combines 
electrophoresis and partition chromatography. The simplest 
am I rnosi i •■haracivrisiic mode, in terms of which all the 
others can be described, is FSCE. It is the form most 
practiced today, 

Free Solution CE 

In FSCE, a capillary channel, typically a few micrometers to 
Ewo hundred micrometers in diameter, is Oiled with a con 
ducting liquid, most often a water solution containing an h u\ 
or a base and its salt, termed a buff en which h;is a pH thai is 
insensitive to the addition of small amounts of acids or 
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re charging of silica by ioriizstii 

bases. The two ends of the channel are immersed in two res- 
ervoirs which are held at different electric potentials; in other 
words, a voltage is applied to the column. In the niosi usual 
situation, this will resnli in (he flow of I he liquid from the 
anodic reservoir n> the cathodic reservoir, Tins is electroos- 
moticflow (Fig. 1). 

Eleetroosmotic Flow 

The surface of silica in contad with an aqueous medium 

wiih a pll no lower than 2,5 orso is loaded wiih negative 
charge. This is because silica hydrates arid becomes an acid, 
releasing positive hydrogen ions into the medium ("Fig. 2). 
The exgess positive charge is physically localized wit bin a 
very narrow zone close to the surface (Fi#. 3 i 

Since capillaries enclose werj small chatmete, and since ele< - 
trophoretic ei ureal s a*e proportional to ihe cross-sectional 
ana nf the channel, FSCE involves small currents {from a 
fraction of a microampere to ;i hundred microamperes or 
so) and thus small amounts of heat relative lo conventional 
ties of electrophoresis. As a result it is possible to apply 
much larger voltage^ and axial electric Gelds to the channel 
are high — hundreds oi "vnits per centimeter 

Wt 1 1 r i molecules in t he n am > w mm i i o f p os i five c harge are 
subjected to i he- puD of the pi isitive i harge as ii moves to 
the cathode. In fact, the entire column of fluid is dragged. In 
contrast to what would happen Eftrdssaitife column of fluid 
were moved by a piston, there is no laminar flow, no wall 
drag tending to produces parabolic flow profile (Poiseulle 
How). The How is proportional to the electric field, and can 
reach a velocity of millimeters per second. 

Transport 

Ai the anode a Ihin zone of a mixture of analyies in aqueous 
solution is introduced into the capillary. The molecules in 
ihe zone are immediately subjed to the strong electiic Fir Id 
rind Ihe bulk flow of the electrolyte, Tin y are impeded by 

the molecules of dectitrfiyte through w hlcti thej hhn move. 

Hie different species each move with a charactemticveloc 
ity, Iji general, they move toward the cathode, hut ii strongly 
negative, ran actuallj be expelled into the anodic reservoir. 

As they iv< S£] uu ate IlltO hands enriched in the 

various species relative lo the original mixture hand. 



The most spectacular feature of CE is that the molecules in 
a band are subject to very little dispersion while travel 
along Ihe column, The flow in the column does not appreei- 
cause i! is a Rat-profile flow. Diffu- 
sion is inescapable and d - id the I land, hut because 
the experiment is very fast, not much diffusion occurs. In 
the CGE form of the technique, the medium Ls a gel. diffu- 
sion is drastically slowed, and prodigious resolution 
achievable, 

Somewhere along the tube, as close as DOS • i te rath- 

ode, a detector is mounted to visualize die bands as they 

tea is transparent to ub adiation, the 

most convenient detector consists of a lamp on one side of 
the column andaphotodetectoron the other sid inds 

absorb the lighl asthej move into the path of the lamp rays t 

and the signal is displayed as a series of peaks similar tO the 
familiar peaks of eh run ialograph\< although unlike chromato- 
graphic peaks the quantity of material represented by a par- 
tieular peak depends on when it passes the detector as well 
as its size. Figs. 4 and 5 show typical electropherograms 
obtained I und < lit], respectively. 

CE Applications 

The mature practice of electrophoresis and the new technol- 
ogy of fused silica capillaries have been combined to perform 
previously unrealized analyses (CGE for the quantitation of 
oligonucleotide failure sequences and automatable l>NA se 
oueneingL in perform others with unprecedented speed and 
resolution (faster DN A restriction fragment length poly- 
morphism (RFLP) analysis and peptide mapping than liquid 
chromatography), and to provide a badly needed orthogo- 
nal separation principle f*>r all liquid-phase analysis (the 
combination of charge and FrictionaJ drag), CE is notjusl 
an incremental imprwemenl on existing methods] rather, it 
allows entirely new things to be done, b is this paradigm- 
shifting character that makes ( IE attractive m an industry 
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that, white ftOl growing as explosively as the computer in- 
dustry, has been changing rapidly, with products becoming 
obsolete in a matter of months, 

Most oi the separations performed in tfee mainstream chemi- 
cal industry, as well as the food and (hug industries, can be 
carried out and are being tried by CE. In some instant is. 
notably the largo-molecule areas of btoscieiice, good appli- 
cations have already been found and are on their way io 
validation. In many others, sometimes surprising ones in 
volvtng molecules With no charge differences. There is great 
interest The high resolving power pf GE sometimes mil- 

iuIis an inappropriate separation principle, for example in 
the case of chiral ding molecules, These molecules are un- 
charged and have the same frictional drag and therefore 
cannot be separated with ordinary media. Their separation 

in ( K COmeS from transport through fl medium that is ilsell 

chiral, and the low dispersion of eleetroosmotk transport 
I «i ss< *ryes it for examinal u >tt 

CE and the Bioanalytical Market 

In die bioteclmical segment of ihe analytical chemical market 
IIP has had only a few products. One of the most important 
is the liquid chromatography (LC) system, which is used to 
characterize chemical products and validate their identities 
[ traditional quality ft ait ml }. LC is very powerful in the field 
of general chemicals, along with gas chromatography (GO, 
but the new bioeugineered pharmaceuticals, the nucleic 
acids, and peptides and proteins challenge even its power. 
CE is a welcome partner method that shows promise in solv- 
ing some of these challenges. 

Oligonucleotide Failure Sequences 

II ligoiiuvlenude. which is a sequence of molecular letters 

of I >\A code, is used in the research and development effort 
in the new bioteclmical industry. These segments, a few h> 
i'sa hundred letters in length, are synthesized to be 
used as templates, or more properl> sieucils. for operations 
that create large amounts of the informational moleenle 
[polymerase chain reactions or PCR) or as implements for 



the manipulation and recognition of critically important 
DNA molecules, such as those thai cause inherited traits 
( genet ie diseases) or those that tan identify individuals. 'Hie 
synthesis nf these molecules is carried oin one letter at a 
time and is prone to mistakes at each slep. After a series o1 
steps, a population of failure sequences exists along with 
the desired materials. These mistakes are mosl easily de- 
lected and quautitaicd bv capillary gel elect rophore&iis 
1 1 '{dvj, Neither the traditional slab i>el ie< huiquesof eleeim 
phoresis nor LC has the resolving power io distinguish the 
authentic materia] from these attendant failures. 

Peptide Mapping 

In KSCK. the mosi important mode in terms of the number 
of analyses carried out, an important bioanalytical targei is 
the protein digest. Most of the bioengineered pharmaceurJ 
cais being produced or contemplated are proteinaceous. 
The identity of a protein producl & determined b$ using 
specific proteins to break it down eatalytiealiy imo a mix- 
ture of smaller proteins (peptides) which identifies Its origin 
just as a geometrical pattern of t lusely Spaced curved rklges 
identifies the iingeiiip on which it occurs. The peptide mix- 
ture call be analyzed with LC to produce the molecular ana- 
log of the fingerprint, called a peptide map. The mixture can 
also be analyzed with CE to produce an equally characteris- 
tic map more quickly. Both maps are useful and at this stage 
of manufacturing practice, their complementarity is begin- 
ning to be widely appreciated 

The Future of CE: Integrated Liquid-Phase Analysis 
CE will continue to find applications. Its growth rate as a 
liquid-phase analytical method will be higher than its more 
mature cousin, LC, Mosl of LCs applications are firmly en 
(rent bed and suffieieni for immediate needs. Improvements 
in these will be incremental enhancements involving a vari- 
ct\ i»t techniques including CE. 

CE in the future w ill likeh be a part of a complex strategy. 
Workers are now combining the unique separating power 
and efficiency of'CE with the versatility of LC and the mass 
spectrometer's ability to identify unknowns. New forms of 
separation continue to spin oil the CE experiment ( most re- 
cently CEC. or capillary electrocluomalography) and will also 
play a part in the integrated future of liquid-phase analysis. 
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HP Laboratories and CE 

1 Jot ■_ Umigil] of HP Laboratories became interested in 

CE as a result i »f the publication of Profess, n Jim Jfi i 

first paper describing the use of fused silica capillaries for 

rmpharesis.- Mr M; mi gill, in what is now the chemical 
systems department of the Analytical/Medical Laboratory of 
HP Labora tones, was working in the area of supercritical 
fluid rhromaiographv; but was intensely interested h 

acs of trartspoxi kLanercrfl 

HP Waldbronn Analytical Division, he built a ( E appanr 
and began an investigation of" the CE separation pr< m 

At roughly the same time, Paul Bente and Joel Myerson i -t 
HP Genenehem were working on an electrophoresis instxu- 
mem to do gel separations of proteins and peptides. While 
i In v hail limited success iiisirumentaUv. i: I teed gel 

synthesis ibey invented was the only reproducible technique 
for making the gels for several years, 

In lime, Lauer left the company, and over several years. 
McManigill led the project, working with many others, in- 
cluding Sally Swedherg, who later worked in Waldbronn on 
CE, mechanical engineer Sttt Lerrter, who is no longer with 
HP. Jim Young, mechanical engineer and designer whose 
contributions Included a method of coating columns wit it a 
resistive layer, Mark Bateman , co nipul e r sc i r 1 1 1 i a i and el ec- 
trical engineer, who created the firs I software for the instru- 
ment, mecbanical engineer John Christiansen, who worked 
on the first prototype and is now nt ihe HP Vancouver Divi- 
sion, the author, a rhemisi from the medical group ar HP Lab- 
oratories, Don Rose From JorgensotVs group at the University 
of North ( arohna. Jiirgen Lux from Max-Planck Institut ftir 
Kohleforschung in Miilheim Germany, Cathy Keely, an 
engineer who made hundreds of CE runs lo explore the 



unexpected behavior of columns with a conductive coat- 
ing, Tom van <U- 1 *< m>i. a former student of Everaerus m Eind- 
hoven, the Netherlands, who also joined the study o: 

rol of eleeiroosmonr Bow, and Wes Cole, an electrical 
engineer who modeled electric fields ar the ends of capil- 
laries. 

Another group at HP Laboratories, led by Gary Gordon. 
w< irked on •several issues siurounding a CE instrument. 
Physicist Dick Lacey helped design a detector Gary dc 
oped the ^bubble cell," which offers a greater optical path 
length, An automated system for the fab! i ; >W> 

cell capillaries was developed by Rich TehX Henrique 
Man ins. Bill Gong, and Frank Lucia oft he manufacturing 
ind technology department 

Christ i nits season I9S0 saw the transfer @f HP Laboratories 
technology into the capable hands of Alfred Haute, Ffced 

Shohmeiei; Marl in Bauerle. FriU Hek. Fran/ BertSCh, Bent 
hard l)ehmer t Monika Dimnann, ririke Jegle, Patrick Kal- 
tenbach. Ahvin Ritzmanu, Werner Schneider Klaus Witt, and 
Hans-Peter Zimmerman of The Waldbronn Analytical Divi- 
sion The result is the instrument described in this issue. 

The help of Doug MeManigill is acta* nit ledged in the con- 
struction t >f this history. 
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A New High-Performance Capillary 
Electrophoresis Instrument 

This instrument automates the CE separation process with high 
reproducibility of analytical results such as peak areas and migration 
times A diode array detector with an optimized optical path including a 
new extended lightpath capillary provides spectral information with high 
detection sensitivity. The liquid handling and sample injection systems are 
designed for flexibility and usability. 

by Fred Strohmeier 



Electrophoresis on planar gels (gel electrophoresis) I ins 
been well-known for decades as a scheme for separating 
sample constituents. Capillary electrophoresis (GE), on Ihe 
oi her hand, is an entirely new type of separation methodol- 
ogy. The challenges for instrument design stem from the fact 
that the separation lakes place in a capillar) wirh an inner 
diameter of approximately 25 to LOO micrometers. Samples 
analyzed in such instruments have a volume of a few nano- 
Uters, while die total volume of the capillary is a few micro- 
liters. Miniature dimensions like this require totally different 
ways of thinking in terms of technical implementation. 

Project and Product Goals 

When IIP matte the strategic decision to invest in system 
development for the electrophoresis market (instrument, 
workstation, and capillaries, including ihe related chemis 

fry), il was evident that CE as a separation methodology was 
still in its infantile stage. It was eithei just being investigated 
or, in advanced instances, being used for now application 
development, for example in the search for new pharmaceu- 
tical substances. Most instruments were homemade systems 
composed of barely modified HPLC (lugh-performanee liquid 
i chromatography) equipment with an additional rugh-voltage 
power supply. Analyses were performed in an almost 
manual manner. As applications were developed it became 
obvious that instrumental imperfections were beginning to 
limit farther acceptance of CE. Many complaints and short- 
comings were stated by potential and real (K customers, 
who most often worked in an environment where IIPLC was 
i lie method of choice for most analytical tasks The RlOSl 
important limitations wen 1 missing funclionalily. lack of 
automation, not enough sensitivity, and low performance. 

There were a few commercial instruments at Ihe time, each 
type designed to solve a specific CE problem, but no at tempi 
had yet been made to address all of the perceived apparatus 
limitations in one instrument Before the HP instrument de- 
velopment was started die user needs were confirmed 
through numerous customer visits in different market seg- 
ments. For the project team it became apparent thai we had 
to make significant improvements in the state of the an in 

the following areas: 
• Automation of the overall analysis jo 



• Detection sensitivity (ultraviolet/visible light absorption) 

• Compound identification through spectral information 

• Reproducibility of the analytical results (migration time. 
peak area) 

• Usability (mainly capillary handlings 

All development activities were driven by these goals. For 
instrumental functions thai were not directly related to this 
priority lis! we tried lo find an off-l he-shelf solution within 
iu outside HE 

Instrument Architecture 

To provide total control overall paramelers relevanl to Ihe 
equality of a separation, an integrated architecture was cho- 
sen. All of the functional modules such as the detector, auto 
sampler, injection mi idule. and capillary are within one main- 
frame (see Fig, I) where all of the interfaces are well-defined. 
This architectural approach makes it much easier to imple- 
ment a single point of control concept However the internal 
structure of the instrument is modular as shown in Fig, 2. 

The instrument is basically divided into two major modules: 
tin dHerior module and Ihe separation Unit They are kept 
situ Uv separate not only from a hardware point of view hut 
also with respect to control (each has its own himh inter* 
face). This structure provides Ihe flexibility for fulure up- 
grades such as adding other detectors lo the system. The 
coordination of the analysis, in which both modules have to 
be synchronized, is handled by the PC '-based IIP C hem- 
Station, From there Ihe method set up by the user is down- 
loaded to the detector and ihe separation unit, and when the 
analysis is smiled the method is executed simultaneously by 
both modules. There is no ronununiealion between these 
two modules except for external start/slop, not ready, and 
error signals, which conforms to an HP standard for inter- 
module communication. 

A physical Connection between the modules is provided by 
the capillary. The inlet end of the capillary is adjacent to the 
separation unit, allowing the autosampler to immerse the 
capillary tip into the sample or a buffer The major pail of 
the capillary is within the cassette tor thermal control pur- 
poses, Before il lea\es the easselte again the capillar} is 
guided through ihe optical path of the detector, where the 
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Fig. l.Thr fllMar.ouArt-] tafitnanent is contained within a 

! Ill' GheraSiatiGxi for 

control 

sample undergoes detection. The out lei end, like the Wei 
end, is adjacent to the separation module where the iwrto 
sampler has access to the capillar lips 



changing of the capillary, either beca plication has 

changed or because the lifetime of flu- capillary has expired. 
Before insertion into the instrument, the capillary is posi- 
tioaed in a fiirccdair-eooled cassette. This design approach 
has many benefits for the user. Using air as a cooling medium 
makes the system totally uncritical compared to a liquid 
routing system whose \ onn en 

though liquid n principle has a higher cooling effi- 

< a weighed by the fact thai only highly 
an! cot dii \g hquit is ( e.g . , perfl uorcarbon ) 
can be used and these have a lower thermal conductivity 
than water and are very expensive, With air cooling the cas- 
sette design < im be ke\ ause there are no 
special connectors to interface to (he cooling fluid other 
than conduits to allow the airs I ream to flow through. Thus. 

Etes can he exchanged without any precautions. All 
critical interfa ts, such as stealing the capillary 

usi i lie injection vial and alining the capillary with re- 
spect to the optical path, are shifted to the instrument where 
they are easier to solve. For all of these reasons the price of a 
cassette is very reasonable. The cassette is designed so thai 
tlie detector interface is self-aligning with respect to the opti- 
cal axis. The capillary ends are caught and guided into final 
posft i' m w hen the user slides the cassette into the instru- 
ment Sealing against the fluid system is .automatic. 

For high-efficiency cooling, theairstreani temperature is 
controlled using Peltier elements. The forced air allows fast 
equilibration of the system in case the temperature ^r point 
changes. The operating range is from 1U ( below ambient 
temperature to 60 * Phe temperature is sensed witltin the 
airsf ream. The heat exchanger temperature is sensed to 
measure cooling efficiency, which is optimized by adaptive 
control algorithms. The overall precision of i he temperature 
control system is ±0 i < Because of this precision, the fe- 
p^atabtfity of migration lime and peak area measurements Is 
11, good 



Separation Environment 

From a usability perspective the most critical design aspect 1 1 - 
the way the capillary is interfaced to the infrastructure re- 
quired to perform an electrophorelic separation (see I -V. 

Besides filling fche autosampler with sample and buffer \ ials 
the most frequent user internet ion with the instrument is the 



Detection 

The detector built into the HP Gfi instrument is based on a 
I \ A Is i.ultrav mlei and visible lighi 1 absorption detection 

scheme, A diode array spectrograph provides parallel read- 

oul of all wavelengths shining through I he capillary thus 
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Capillary Electrophoresis Applications 

Capillary elettro^oresis was initially regarded as an arvalytlcal i ■ .: ■ tool lor 

proteins anrf peptides Its characteristics imply that biamacromDfecules theoreti- 
cally should take the biggest advantage of the technique However, it has turned 
out that more then a decade after the birth of the technique the applications have 
spread into many mure areas than jusi the hiosc fence area In fact, for many proteins 
it has proven to be a bit of a pmhlem to get a separation with the required high 
sensitivity using the fused silica columns All in all ihis has not hindered the growth 
□f the teen n j que. When the first commercial instruments became available in 
t was estimated to be severa: million dollars in size In 1994 the 
expected market size might very well reach 60 million dollars The main user 
groups of CE are found in the pharmaceutical market (both traditional and biophae 
macouticalsl, the bioseieuee market, and the chemical industry (see Table I) 

Although still mainly in use in R&D laboratories, the technique is definitely migral 
ing towards controlled analytical Jab oratories soch as QA/QC and product 

I "us indicates that the techoique does otter unique benefits and can expect 
sustained growth in the future 





Table 1 






CE Users 




Market Segment 




Estimated Share (%J 


Pharmaceutical Industry 




35 


Bioscienco 




35 


Chemical Industry 




2Q 


Food/Beverages 




b 


Others 




5 



Some successful applications of CB include 

Analysis of optical impurities Ichiral analysis! (see Fig. 1 \ 

Trvptic digest analyse nf reenmbmant biopharmaceutical drugs jpeptide 

mapping) (see Fig. 2) 

ONA analysis (e g , PCfl product analysis) fsee Fig. 3) 

Organic acid analysis (e.o, in beverages) fsee Fry. 4). 
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Sample: Cliiral Mixture 

Buffer: 20 mM cilrate, pH 23, 2% Carboxymethyl-|l-CD 

Capillary: L^ - 5G cm, L = 64.5 cm, Lri. n 75 urn 

Injection ZOOmbar s 

Eleciric Field: 300 V/cni 

D elect ia n; Signal 21 4.20 urn. R ef . 450, 80 n m 

Temperature: Capillary 20 C 

Fig. |, i:a;\nlarv Hlh-nrrn; h ffes B (CE) ■ hi ». m ntion nf a mixtu r e nf basic nhiral drugs 
using eyefodeatrm as chiral selector 
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Time (minutest 
Reproducibility |%RSD) 



Peak 1 Peak 2 Peak 3 

Migration 

Time 36% 0,60% 0,33% 



Area 



1,63% 



t.89% 2.09%* 



Fig. 2. i-^pi-' liv : ^pdmtlon of 3 tryptic digest of recombinant human growth hor- 
mone trv CE 



providing spectral information t This igrpe of detector lias 
several inherent features that have proved useful For many 
applications 

[dentification. Absorption spectra make it possible to post- 
lively identify substances In I heir spectral "fingerprints.* 1 
The III 1 CheniSlalioii controlling Ihe insiruiuenl has a 
built-in spectral library. Library searches can he performed, 
resulting in suggestions of substances that have similar 
spectra \'\w\ arc ranked according io a computet i match 
factor 



Confirmation. Spectra created by liquid Hiromafograplrv 
separations and capillary electrophoresis separations for 
the same substance are, wiih a few exceptions, identical. 
Based Oil this, the Spectra obtained with these two separa- 
tion techniques are confirmatory or redundant to each other 
for a given sample constituent. Since the two separation 
techniques have different separation mechanisms it is very 
unlikely that a sample constituent or impurity will be 
missed by both LC and CE. 
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pBR328- Hint 1 

• J A.6SLPA-caaterJ 
TBEpHB3 
Z0kV.l3|iA 

Ue ff = 5.6 cm, id. =75 urn, BF= 3 
Inj 10kV.3s 
260fimjRei350nmi 
Capillary 25 C 
Carousel ID C 



7 8 9 

Time [minutes) 



Fig 3 5ti pa ration of PCfl products using cap- 
illary g£i elE- ■ 



Table II 
CE Applications and Benefits 



Application 
Crural Analysts 

Peptide Mapping 
DMA Analysts 



Other Analysis Methods 
HPLC. GC. UC. SFC 

HPLC 



Slab Gel Electrophoresis, 
HPLC 



CF. Benefits 



Speed 

Easy Method Development 

Cost of Analysis 

Speed 

Orthogonal Mechanism 

Superior Resolution 

Speed 

Online Quantitation 



All of these Sflpfetions have in common that CE otters significant benefits over 
previously existing n j dues (see Table II). 

The future outlook for CE is positive although further development of capillaries 

•malvsis under native conditions and the development of other 
detection modules such asCE-MS will be importanr for long-term establishment 
of TheU-idiiurjiH! 




Martm L Vw 
Product Manager 

'uViiifiLii'iiii i Analytical DtvtS 

David N. Heiger 
Application Chemist 

; al Marketing Center, Little falls 



Butler: 5 mM ptohalaie, 025 mM CTAC r rjT% |l-CD r pH 3.5 

Samp It?- Sake (di tilled 1 5 with waier) 

Capillary: L c tt = 56 cm, L 1 54.5 cm, i.rt. ■ 75 um 

Injection; ZOOmbar s 

Temperature: 15 c 

Field Stffffigih 390 V/cin, Reversed Polarity 

Fig. 4. A ' " ' '■ 'vdion 



1 Peak Pin it v Measurement The fact iluit ;i spectrum is 
characteristic for n certain substance can hi* used i<> mea- 
sure peak puriiy. [f the spectra sampled along the peal! are 
identical, ihe peak can he assianed i<> be pure. If the spectra 
change along the peak, a second substance might have 
coehrted. 

Even ilifiu^h diode an ay detection is a desirable feaiure, ii 

if be unacceptable iMhe sensitivity were not rmnpetiiivr 
wiiii c -fin\-i>tiriuti;ii 1 v Vis detectors such as single 1 elengfch 
detectors or variable wavelength detectors, which work w nh 
filler wheels, bandpass niins, m rotating m<mochromator 
gratings, thus providing sequential spectra, IVak widths in 
CEare Inherently smaller than in LC« The time needed hy a 
scanning variable wavelength detector for scanning through 



the full spectral range cannot be neglected This makes these 
detectors less preferable for spectral i< lent ificai inn in capillan 

electrophoresis, Mr >u ever, the sensitivity of intmnchromator- 
haseil detectors IS viewed as I he stale of I he art in CE 

To obtain Flu* same level rii' sensitivity with the diode array 
based spectrometer of the MP CE system, special care was 
l r < n to the optica] desi§£i of the CE detector As described 

in more detail in the ailiele nn page 20 t BlC nhjcclive was tr» 

optimize the li^il throughput and therefore the ligbl ineidmi 
onto thr photodiodes, which determines the lowest noise 

levd achievable With ;in npiical diterlui Tu maximize iLVdc, 

where < IA is the incremental absorption change and itc is the 
incremental concentration change of the Quid residing in ihr 
optical pal h t all liftht emitted by the lamp is focused onto the 
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Cooling System Outlet 



Cooling System Inlet 




Optica 
Interface 
to Detector 



HEIectrical Connection 

2} Fluid Connection to Sample Tray 



1) Electrical Connection 

2} Fluid Connection to Sample Tray 



Fig. 3. Capillary interfaces to the instrtflftent infrastructure, 

capillary such that almost all rays pass through the inner 
diameter of the capillary and only a minimum of lighl i stray 
light J passes through the capillary wall without any interac- 
tion with the liquid inside the capillary The benefits of this 
design op t irnizat io i \ a re; 

• High light throughput. The result is an excellent noise level 
in (he order of 2x1 lr ri to ox!U~ ri AU (absorption units). Tins, 
combined with the low stray light level, provides superior 
sensilivity. 

• Ijow stray light level. Besides excellent sensitivity, tins results 
in a wide linear dynamic range, meaning that the detector 
responds linearly to an increasing sample contenlnir \i tfi 
The relevance of this feature can best be seen in a plot such 
as Fig. 4, which shows a synthetic polyiysine preparation 
analyzed with VE. ] The wide linear dynamic range makes it 
possible to quantify the smaller [teaks (byproducts) relative 
io I lie main peak ('active substance) very accurately. 

The most remarkable feature of the detection system is the 
extended lighlpath capillary, internally (ailed the "bubble 



cell" By expanding the inner diameter of the capillary in the 
detection region by a "bubble factor" of BF f typically BF = 
3) the sensitivity is linearly increased by a factor of BF ac- 
cording to the Lambert-Beer lawr assuming that the noise 
level of the detector is unchanged. This bubble ceil makes 
The cftode array detector one of the most sensitive optical 
absorption detectors. The larger inner diameter at the point 
of detection makes it possible to thieve u very low shay 
light level since more light rays can pass I [trough the center 
of the capillary, thus increasing the linear dynamic range to 
(1000 fsec page 28 for definition). 

The IIP CE diode array detector is also compatible with 
standard off-thc-sheir capillaries. Different detector interfaces 
are available tor the different inner diameters of capillaries 
with and without bubbles,. 

Liquid Handling 

The purpose of the Liquid handling functional module is to 
provide the necessary liquids to both ends of the capillary to 
facilitate a CE analysis. This includes electrolytes as w T ell as 
samples, cleaning solvents, and waste vessels, as shown in 
Fig. 5. The module automates liquid handling so that tbe 
whole analysis can be done automatically and repetitively. 

The 1 wo major design elements of the liquid handling module 
are the single-tray autosampler, which conveys vials to bolh 
ends of the cap ilia ry , and ftte ^V ! e n i s h i u c n I sy s tern , Tl I e 
autosampler tray is designed so thai il can position vials 
under both ends of the capillary independently and randomly. 
This enables the system to do analysis steps not possible 
with many olher instruments. 
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Fig. 4. BJectrpptaograiti of a synthetic polyiysine. preparation with g§0 lysine rts 
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Random selection of the autosampler positions (there are 4S 
accessible positions) allows the user to select between sam- 
ple, buffer, waste, and fraction collection vials. This gr 
high flexibility to the customer since the number of tray 
positions can be split according to the requirements of the 
application run on ihe instrument. When the same analytical 
method is being run in a repetitive mode, the buffer replen- 
ishment system can be employed and most positions can be 
filled with samples to be analyzed, thus providing maximum 
sample throughput 

Fractions of separated sample constituents are collected in 
a vial filled with a minimum volume of buffer. This is u( par- 
ticular importance for any further offline identificaiit m. 
example with a mass spectrometer 3 or for further anal . 
with any other separation technique such as peptide/protein 
sequencing by Edman degradation. 

Samples can be injected on both ends of tfte capillary. Usually 
mi injection is done on i he end farthest from the point of 
detection However, fei insr screening experiments il may 
be desirable to make a run on die short pan of the capillary' 
bo save lime. Reinject ion from already collected sample 
fractions is also possible. 

Buffer vials can be exdianged during analysis, independently 
on both ends of the capillary, for many applications 
mandatory to have this capability to complete a separation. 
For example, in isoelectric focusing mode the buffer change 
in pH can be used to transport the separated sample hands 
through the detector. 

The replenishment system is primarily for the purpose of 
refreshing the buffers in the buffer vials by simply exchange 
teg the contents of the vials with fresh buffer. This is re- 
quired because ihe buffer undergoes chemical degradation 
by electrolysis which leads first to invprodu< -ihiliiy and in 
later stages to a shift of Ihe pll resulting in a totally changed 
separation pattern. For unattended automated operation 
with high sample throughput^ buffer replenishment is a man 
datory feature, guaranteeing the highest reproducibility 
Purthermore, the replenishment station adds other func- 

linns, including filling an eJtlptj vial to 3 Selectable height or 

volume, emptying a vial to? selectable height, and sample 
mi buffer dilution by adding bullet Co a vial This additional 
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functionality also adds some basic sample preparation capa- 
bilities m the system. By ensuring the same liquid level in all 
h\clrodvTiamJc flow effects are avoided, since no head 
pressure difference can occur. 

Pressure Injection 

Because of the small volumes associated with CE, injection 
mechanisms employed in LC cannot be used in CE. For 
open capillaries utot filled with sieving matri< 1st 

the most common injection mechanism is to apply a pr 
sure different ial m S. The \ < »1 ui n> 

follows ihe Hagen Poiseuille law: 



Volume 



Apd 4 t 
128tiL 



Fig. 5* The HP CB instrument liquid hand! n includes 

:ni autosampler with random via) & ■ ess from three life 



where Ap is the pressure differential, d is the capillary diam- 
eter, i] is the viscosity ol the buffer. L is the total capillaiy 
length, and t is ihe time during which pressure is applied, For 
a given capillary the volume injected is basically the integral 
of the pressure-versus-t ime curve. The more precisely the 
pressure/time product is controlled, the more reproducible 
is the injection volume. 

In The HP CE instrument the pressure/time product is con- 
tinued online and corrected immediately if any deviations are 
recognized from the programmed curve. Leaks in the system, 
which would result in a smaller injection volume, are auto- 
matically compensated by this procedure. The pressure is 
applied as a triangular function. On the downslope of this 
triangular pressure function, a vent valve is opened when 
the pressure is approximately equal to the ambient pressure. 
Tliis lias the advantage that the switching deviations of the 
vent valve haw rici significant impact on injection volume 
reproducibility. The pressure control algorithm significantly 
improves the reproducibility of ihe pressure injection sys- 
tem, as explained in detail in the article on page BO 

Pressure injection has some inherent advantages over injec- 
tion by vacuum. The millet of'ttie capillary is not accessed 
during Injection; this is important if other detection means 
like mass spectrometers are coupled to Ihe (K instrument 
Degassing and therefore air bubble ton nation in the capillary 
cannot occur, and fraction collect ion is much easier Never- 
theless, the design of the pressure system allows the user to 
apply a vacuum to facilitate injections from ihe detector end 
(shorter separation length), which may be important for f'a>t 
5< neening experiments* 

Elect rokiiielic Injection 

Elect rokinet ic or elect rontigration injection is achieved by 
pulling the sample into Hie capillaiy by applying an electric 
field for a certain time. The quantity injected can be calcu- 
lated. 1 This injection method is advantageous when viscous 
media or gels are employed in the capillary and when hydro- 
rkn-uuic injection (iocs not work adequately. Basically, the 
volume Injected is proportional id the charge introduced 
into Ihe capillary. The UV t T] instrument provides for the 
application of a voltage, or a current for a certain time 
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HP CE Technology Transfer 



Looking a l the new product generation process, often there is a long chain of 
activities involved, starting from basic research and proceeding to applied research, 
technology development, new product development, and finally, maiiufacturmLj 
Later, while the product is bemrj marketed, an improved and enhanced series of 
products will be generated in an R&D process sometimes referred to as current 
product engineering. Throughout this sequence of steps, knowledge, experience 
and competence are being built up, hopefully in a continuous, smooth, unidirec- 
tional way. However, since many people and different organizations are invnlveil. 
losses, frictions, and Interfacing issues associated with the transfer of know-how 
will occur and must be resolved or at least kept to a mmima! negative impact. 

Unlike the typical situation of 20 years ago, when the same group of people earned 
out the entire new product generation process alt the way from research to manu- 
facturing through many sequential steps, the scenarios of today's new product 
research and development projects have changed considerably Given the complexity 
and breadth of most of HP's products, not only the analytical products, there is no 
way of making all of the key components entirely within HP Instead, many things 
have to be acquired from external parties in various stages Df development, be it 
fundamental research results, patented technology, methods, processes, or other 
know-how. In many sitoations even complete products or system components 
come from outside sources. 

In our case of adding CE to the LPA (liquid phase analysis) product line, certainty we 
did look at the alternatives of acquisitions or external R&D collaborations, but 
before the final decision was made to take advantage of the accomplishments of an 
HP Laboratories research project and transfer technology and know-how from there 
to the WaEdbronn Analytical Division and plunge into new product development, 
we had been thinking about mechanisms of technology transfer in general, and 
tried to reflect our conclusions in the organizational structure of our R&D function 

Generally, R&D divides its forces into activities of current product support and 
enhancement, development of next-generation products, and investigations, 
which include new products, new technology, <ey components, and fundamental 
research The size of each of these segments depends on the business situation, 



which may change quickly. There is always a temptation to sacrifice the long-term 
investigations for short-term, market-driven problems or opportunities, 

Tn stabilize the long-term, high-risk, but strategically important projects against 
the pressore of the tactical projects, we decided to divide the R&D function into 
two units: a smaller unit focusing on development, acouisition. and transfer of 
new techniques and generic components and a larger unit fncusiny on currant and 
next-generation product development The structure of the technology unit reflects 
the major technical and functional areas of the product line and therefore this unit 
hSS -i few -as i dent engineers and scientists who are specialists and experts in 
those categories. A larger number of members are set up in transient project 
teams and remain in the technology unit only during acquisition or investigation 
phases. We then transfer the project together with the transient team into the 
product development environment, This model should ensure minimal loss of 
Know-how >n the transfer from the investigation phase to the lab engineering 
phase anri still keep a stable base of technical expertise and competence beyond 
one particular project eyefe. In addition, it helps synchronize projects of different 
time scales and keeps the rules of the project life cycle flexible enough to adapt to 
new product design as well as to current product engineering 

Ihe HP CE project was the first technology transfer project to be completed under 
this -nrganizational structure and following these rules. The technology transfer 
from HP Laboratories to the Waldbronn Analytical Division yielded a very sue cess ru 
product We have transferred technology from HP Laboratories before, but this 
transfer in particular went smoothly and pleasantly, I tend to believe, because of the 
new organizational model, hut as mucti because of the enthusiasm, the dedication, 
and the support of the engineers and managers involved on both ends, indnrl uc 
our marketing, manufacturing, and business people. 

Alfred Maute 
Engineering Manager 
Technology Center 
Waldbronn Analytical Division 



The Injection time table allows combinations of different 
modes of in, jet lion as well as flushing using randomly select- 
able vials. This makes it possible to do various sample ma- 
nipulation steps that are essential for many applieal ions. 
These include adding an external standard by injecting a 
plug of a standard compound, and adding a buffer with dif- 
ferent conductivity to do sample stacking (enrichment) 
using the isorarhophoresis effect. 

Data Acquisition and Data Analysis 

The software running on the PC next to the instrument has 
I wo major components: an instrument control module and a 
data Collection and data analysis module. 

Instrument Control. The functionality and vcrsaiiliiy of the HP 
CE instrument made control by a PC the method of choice 
for handling the multiplicity of parameters and settings. The 
objective for the software design was to make Mir process 
of CE graphically visible and give the user continuous feed- 
back on what rlu- instrument currently is doing. As a design 
concept for the instrument control software an icon-based 
system was Chosen, All instrument modules mid their func- 
tions are symbolized. The user is shown a graphical repre- 
sentation of the instrument Clicking on an icon displays a 



pop-up menu thai offers the user the settings for that func- 
tion. Tin 1 ei ilries are checked for plausibility and proper set- 
I ing ranges. The HP ChemStation displays the status of cer- 
laiu events by changing colore, by showing the action taken, 
or by highlighting a setting Ihe user has ediled. The user can 
\ 3 ro gram the follow in g p ar amet e rs as functions of time: 

• Replenishment 

• Prerunaud poslruu conditioning 

• Injection 

Voltage, current, and power 

• Capillary temperature 

• Pressure 

• Inlet and outlet vial change 

• Mann limit (minimum limit tor electrical current } 

• Polarity of voltage \yv current 

• Fraction collect ion. 

For the detector, the following parameters are programmable 
as functions of time: 

• Detector signals { defined below) 

• Threshold and peak width 

• Spectrum i permanent, all in peak, at up slnpe T peak 
maximum, and down slope, peak maximum, and baseline). 
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A feature of this software package is its simulation capabu> 
ties. It checks to see if the setup of a method to analyze a 
sample is in a logical sequence ami if there are conflicting 
analysis steps such as. for example, a particular vi al is needed 
at the inlet and outlet ends of the capillary simultaneously. 
When a simulation is started the graphical user in t erf; 
reacts as it does during an actual run. allowing the user to 
follow and check online how the instrument will react in 
reality. Especially for complex methods, this feature helps 
prevent time-consuming correct inn stej llageor 

waste of valuable samples through wrong parameter or time 
table settings. 

Different methods can be linked together to do a sequent - 
of analyses. Several samples can be processed with the same 
method, or the same sample can he analyzed wiili different 
methods (different separation parameter settings), or a com- 
bination of both. Sequencing, together with the ant o.sam pier 
and the replenishment station, provides the instrument *s 
automation capabilities. 

Data Collection* The system control software collects raw 
data during an analysis from the following channels: 
I j 1 10 five detector signals (each signal includes wave- 
length, bandwidth, reference wavelength, and reference 
bandwidth) 

• Spectrum (permanent, all in peak, at up slope, peak 
maximum, and down slope, peak maximum, and baseline) 

• Voltage 
Current 

• Power 

Capillary cassette temperature 

• Pressure during run. 

The first two items in this list are normally used to do the 
standard data analysis, For the detector signals, peak width 
and rise time are selectable according to the particular ap- 
plication. The last five data channels in the list serve the 
purposes of interpretation and documentation. In case *A 
any unexpected results, this data ran he nsed to localize and 

diagnose a particular problern with the instrument, the 

application, or the sample, 

Data Analysis. When a method or sequence has been eom- 
piefeil and the data is successfully stored on I he PC. data 
evaluation can he performed b# applying differeui &[gg 
ritluus. The information most relevant for the user consists 
of migration time, peak area, and peak height. When cali- 
brated, the peak area represents a certain amount of sample. 
To determine the peak area, the detector signal is integrated 
hy a built-in integration algorithm. Reproducibility evalua- 
tion of repetitive analysis with the same sample is often 
used to increase the reliability oftfce results, Besides inte- 
gration, there are also built-in calibration and report genera- 
tion functions, Calibration del ermines I he unknown amount 
oi a constituent of a Known sample by calibrating with a 
predetermined concentration. Report itineration provides 
different report style Options including automatic spectral 
library searches. 

i ine of the most powerful features of the system is its spec 
tral capabilities. Spectra are measured using the* diode array 
detector and stored as selected. The tools associated w ith 



spectra in the data analysis software are generally used to 

identify unknown compounds, The tools are: 
• Spectral library. Allows a library search of selected spectra 

from a separation regardless of whether they are generated 

during an L( or a CE separation. 

1 7 outpaces t he ratio of two signai - ra 

along the peak. If there is any deviation along the peak there 

is a probability of an overlay of two compounds 
■ isoahsorbance plot. This is for qualitative evaluation of 

tral data. It can be used to gt new elect ropher- 

ogram by extracting signals from spectral data, to find the 

optimum wavelength for detection of each component, and 

to a "ctra to reduce noise. 

Since identification by absorption spectra is a woil-estahlisl u-*d 
tool in LC many of the compounds analyzed with < Scan be 
iden tilled In available spectral libraries created with LC. 
The library snipped with the IIP CE ChemStation sofTw 
identical to the library shipped with ourLC ChemStation. 
This makes using the data analysis software more conve- 
nient for customers who already have experience with our 
LC ChemStation. 

Summary 

The HPCE instrument is ihe technical and technological 
implementation of the objectives slated for the project as 
well as for the product. Most of the requirements were im- 
plemented and can be reflected in a corresponding ens 
tome r nved. Significant improvements in detection sensitiv- 
ity were made by Ihe special detector design and even more 
by the extended light path capillary. The totally new liquid 
handling concept delivers significant automation features 
and versatility for future applications "I "fie new h designed 
injection system provides further system reproducibility 
while the new forceil-air-c ooled cassette is a niajoi Step for 
ward in terms of usability and flexibility. Another major ad- 
vancr for tins i\p<> of msi nam 'illation is the graphical user 
interface built into the KPt 'Jn>mSlalion for instrument con- 
trol. Finally, the electronic components ajnd firmware devel- 
oped for this product (discussed in the arliele on page 36) 
make tins a functional product 

Acknowledgments 

In the first place I want lo thank Doug MeManigill and his 
team from the analytical/medical laboratory of HP Laborato- 
ries for their outstanding contributions and commitment to 
i apiflary electrophoresis, To a great extent ii is his achieve 
ineni that HP has a product on the market, Special thanks 
also to Gary Gordon ami his team, also from die analytical 
medical laboratory, lor their support and advice in Ihe area 
1 1 J i ipiical detection and for providing die cruciaJ concept of 
the bubble cell. Thanks lo Sid Liehes, Rich Telia, and Henri- 
que Martins for their prompt help in ihe design and imple- 
mentation nt tin- bubble cell* My highest appreciation to the 
CE project team in Waldbronn; Its comrnitrnent and dedica- 
tion made it possible to finish the project on lime This in 
eludes a few individuals who were temporarily working on 
the project in Waldbronn. namely Iienning Koukhardt, Moll 
Dorrtnann, Henry van Nieuwkerk, Greg Wilson, Monika Ititt- 
niaun, and Sally Swedhertf, Credit also to Alfred Maute 

ii ip] iliin in! op pjfgfi 10) 



1 1 tr ji ■ I!?!'.". Hewlett rarknni.hniNi.-il 17 



)Copr. 1949-1998 Hewlett-Packard Co. 



Industrial Design of the HP CE Instrument 

It is not always recognized, and consequently not acted upon, that the en n tents and 
significance of industrial design for the success of products and the image of the 
company have changed m the past tew years Products have not only a rj 
but also an aesthetic function Together with some other representative features, 
such as advertising, company buildings, letterheads, packaging, exhibition booths, 
and the like, product design determines a major part of a company's image t 
Today, products must not only he reliable, efficrent and user- -timiiHy but ateti \a$\ 
like it Visihte quality today is the main attractor in many cases In particular, the 
leveling out and standardization of technical achieve men is even on the highest 
levels, lead to outward appearance being rtie decisive factor in the purchasing 
decision process more antf more frequently East but not least, products, which 
also represenl the company concept, have to be in line with the identity nf the 
company, Thus, what is important is not avant-garde industrial desryn, hut the 
successful combination of innovative and traditional elements. 

industrial design, therefore, is a part of product quality Whether we thereby 
achieve the improvement of quality of use or acceptance among a specific target 

group, or capitalize on the identity of the company, proper industrial design is a sales 
promoting product feature. This applies not only to consumer products but also to 
commercial products. Very often, the first look at something determines whether 
we continue dealing with it or leave it alone The quality of product design should 
make product quality Ihe incus of customer interest right at first sight 

Internal Architecture 

The first step towards good industrial design consists m laying out the components 
inside the instrument As eai ly as the investigation phase of the HP CE instrument 
project the engineers were prompted to think about the dimensions and forms of 
the components they were responsible for. Rough details were then used to create 
all components from cardboard in duplicate. In a joint cit n the entire 

project team used ihe models to arrange the components in multiple ways, finally 
deciding un une alternative. Understanding for each other's problems was gained 
within tfie team at a very early project stage a i rf low and thermal problems, safety 
concerns, cooling, ease of use for service staff and users (which the industrial 
designer is also responsible for), and the like This process not onJy led to the 
project being faster and more focused, but also had a teambuiiding character. 



t Image means the company -is perceived tiv its customers \d&- 1 
really is. Ideally, image - ii;> 



The immediate effects of the internal layout on the user interfaces becomi 
in the vials, bottles, and cassette, which can be exchanged easily and intuitively 
Tins ease of use is supported by the design of the instrument exterior, which 
visually reduces complexity 

As the project proceeded, a model of the outside cover was built (see Fig 1). The 
visibility uf the product in the form of the model further enhanced identification 
with the project, even beyond project team borders. 

Appearance 

IndostrraS design is rid entirely up to the industrial designer Carefully balancing 
innovative design with company specific design within the sense uf thecurpurate 
identity on the one hand, and on the other hand, emphasizing product-specific 
features to the bast advantage, benefit huth the product and the company, 

The uutward appearance of the HP CE instrument is designed to achieve a number 
of objectives 

zing system character with a view to the HP PC, since the HP instrument 
is controlled by a PC. tf the outward appearance of these Iwd components is 
harmonized, u not only suggests that they come frnrn the same company, but much 
more important, that they easily communicate with one another In our case, this is 
achieved by equaf use of volumes and forms as well as by HP identity elements such 
as c of on ng (bottom dark grey; top: light), radu. HP nameplate, and power switch 
(see Fig 1). 

> Emphasizing system character with a view to HP ana lyrical systems. The HP CE 
instrument is often to be found side by side with other HP analytical instruments 
in a lab or as part of an analytical system If the outward features of our analytical 
instruments are in harmony with one another, this suggests to Ihe customer that a 
complete solution to a problem is available from one source In the case of the HP 
CE instrument, this is achieved by using, in addition to the design elements already 
mentioned, HP Analytical Products Group typical design or user elements such as, 
for example, the baseplate image, the semicircular pushbuttons set off by color- 
ing, equal textures, equally colored windows, doors always opening in the same 
direction, equaf status LEDs, equal fonts, and the like The constant repetition of 
these visual aori functional characteristics of ihe user interfaces makes a major 
inn to ease of use by recognition. The particular challenge is always to 
fiod new solutions for new requirements that are technologically feasible but afso 
continue the HP design tradition, so the customer finds it easy to get along and 
immediately accepts the solution as an evolutionary step 




sffirus iMQi£Art>% 






^trRiALAJv *%<r# 



Poto&t St&irzM 



3»u5 & ffA £ 



Fig. I, Industrial dssfgn feature? or tba HP 
CE instrument 



18 



June ]!*:»."■ Mew till Packard Ji hiri 1. 1 1 



)Copr. 1949-1998 Hewlett-Packard Co. 



• The individual ehsracte - : z instrument is emphasized by the Isastc in- 

ent volume as well as try $ie visibility and form of some specific areas The 
window pans show the areas relevant to the customer {cassette, sample tray, and 
rebanishment bottles I like these parts, me tray balcony, for example, is designed 
in such a way that it facilitates function (access to vial si on the one hand, while at 
the same lime characterc^no the lor ' j early and unmistakably 

(am: 

strumem optically supports the narrowness of the instrument 

• Wha' 

tBCTTKjtogical differ- 
tomers should be convinced of the 
using the right materials and manufacturing processes, we \ . 
di sting u ish o ur products qua li* ose of our en m petitot s. so that wor k - 

orovioe our instrument t professional appearance 

At the International if Design Competition 1994, the HP C£ instrument was awarded 
a prize for its good design and was seen by more than one million visitors in a 
special exhrbrtipn at the Hannover Fair and Cebit 
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A High-Sensitivity Diode Array 
Detector for On-Column Detection in 
Capillary Electrophoresis 

The small peak volumes in CE demand special optical design to maximize 
sensitivity High light throughput, good stray light suppression, and precise 
alignment are necessary. The diode array detector design focused on good 
matching of the illumination system and the spectrometer, precise 
alignment of the capillary and optical elements, and mechanical and 
thermal stability. 

by Patrick Kaltenbach 



Pltrayiolei [UVJmttj ultraviolet/visible n\ V5s) ab$orbarice 
detection currently is the most commonly used detection 
i< cKnique In capillary electrophoresis p K i The universal 
nature of this detection principle, its widespread use in high- 
performance liquid chromatography fHPLl), and its rela- 
tively simple adaption for on-column detection are some of 
(he reasons for its popularity; 

I'sirtg a diode array detector, absorption ai a large number of 
wavelengths can be measured simultaneously, giving spec- 
tral information, Thus the area of application can be further 
enlarged. Since I he observed sped mm is characteristic for 
anyanalyte, this information can be used for identification 
of unknown compounds. MnlnuavelengTh detection, peak 
idem ilicat ion, and peak purity determination are capabilities 
I hat make the diode array detector a powerful tool and an 
ideal detector for CE, 



Tlie small [leak volumes in C E demand special Optical design 
lo maximize sensitivity. High liglit throughput, good stray 
light suppression, and precise alignment Of the small enpillary 
are aecessan logei the best possible performance. 

Optical System 

Fig. 1 shows a schematic overview of the optical system of 
the IIP CE diode array detector A new type ofpreahgned 
deuterium lamp is used lo increa.se die overall light 
throughput and thus improve dir sensitivity of the syMem 
This type oflamp has a much smaller emission spot ilun 
lamps previously used for NPU , making it superior for 
illumination of small sample areas. The polychromatic light 
of t lie lamp is focused onto the detection window of the 
capillary by an achromatic lens system. These detection 
windows are usually made by renjioving a small section of 
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the |k)K imide coaling of the fused silica capillaries. A slit 
behind the capillary blocks stray light and defines the 
entrance slit of the spectrometer, The shutter is used ro cut 
off radiation for dark current com pension or to drive a 
hohuium oxide filter into the Optica] path for wavelength 
calihration purposes. The spectrometer consists of a 
holographic concave grating which disperses the light onto 
a photodiodje. array. 205 diodes are used for a wavelength 
range from 15)0 to 600 um. which gives a resolution 6f2 ran 
per diode- Grating, array, and signal eketronirs are very 
much the same as for the HP ' H306A diode array detector 
and the IIP 79854A multi wavelength detector for IIPLC. 1 

"Tp optimize the overall performance of the system, the cter 
sign focused on good matching of the illumination system 
and the spectrometer, precis* 1 alignment of the capillary and 
optical elements, arid mechanical mid thermal stability The 
optics bench is precision machined and exchangeable parts 

such as the lamp or the alignment interface fshl ) are solf- 
aligning. To maintain optica] precision, the sysiein recog- 
nizes wlun Mir user accesses these exchangeable parts. A 
wavelength calibration is performed every time the instru- 
ment senses a possible change and if necessary I he user is 
asked to confirm new calibration settings (Mg :l\ 

Since the spectrometer f-numbi -i of i represents the basic 

111 nil cm 1 1 if' lighi ihrnughptil of the systi in. the tamp and 



Lenses are designed to match this limitation to optimize the 
overall light throughput 

Ray tracing software was used to calculate aberrations, i 
determine theoretical optimums for positioning of the opti- 
cal elements, and to maximize light throughput. Fig. 3 shows 
a ray tracing plot of the optical system, and Fig. 1 shows in 
detail a ray traee through a capillary with 15U-um inside di- 
ameter — for example, a 50-um capillary wilh an extend 
light path with BF = 3 < BF = buhble factor, the increase in 
the diameter of the capillary at the detection window of the 
detector, as explained in the article <>n page 62), 

Theory 

f Mveolunm detection approaches often use setups similar in 
thai shown in PSg, S, hi a small area near the outlet the capil 
lary is illuminated with light from a IVAis light source, and 
a slit of width o is placed behind the capillaiy lo block sfr 
li^fn through the e;millary wall. The light transmitted 

Ihtungh die slit is detected, (sing the Lambert -Beer law, I he 
dotecloi signal Un an ideal cell is determined b\ 



AD.) - eUK'I) = log 



too ' 



when 1 A{h) - absorbanee in ahsorkmee units \ ,\I "j as a 
function of wavelength, tinction or molar absorption 
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Fig. 4. R;i\inii-" -ii Mm, ::;. i ..n I eooroti througha water-filled cap- 
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coefficient as a function of wavelength, C = molar solute 
concentration, D = path length. I jt = incident photon flux, 
and I = transmitted photon flux. 

If stray light passing duough the column wall can reach the 

detector, (he equation has to be rewritten: 



A = log 



hi + Is 
I + Is' 



where I L s = stray light through the capillary wall 

A typical detector response is shown in Fig. 0, The lower 
liniil of detection is determined by the baselifte noise of the 
detector and its sensitivity, which can he described by the 
slope dMIC of the detector response The Lippei limii of 
detection is determined by the non linearity of the detector 
response at higher concentration levels. Unwanted stray 
light causes a deviation of the response from Ihe theoretical 
lincai" slope according 10 the Lambert-Beer law. The Steep- 
ness of the slope, in contrast to rypic a) IIPIA' detection 
Cells, is dependent OH the efl e< live path length Ireland id 
ihe inside diameter of the capillary) and the stray light 



through the capillary wall. As a result, (here is a linear range 
in which the delect or can be operated to gel reliable results 

Sensitivity, Noise, and Linear Dynamic Range 

This section discusses the parameters that influence the 
performance of the diode array detector and the trade-offs 
that have io l»» made to optimise the sy>irm. 

A big disadvantage of the on-colunin detection approach is 
the possibility of light passing through the transparent capil- 
lary wall without interacting with the sample. Figs. 4 and 5 
show 7 clearly dial no| all rays propagate through 1 he center 
of the circular cross section oi the capillary. This decreases 
the linearity of the detector and reduces the effective paih 
length, which determines the sensitivity of the deiector. To 
maximize the response (effective path length) and linearity 
of the detector, the width o of the slit must be as small as 
possible 

Since die slit defines the entrance aperture of ihe spectrom- 
eter, the slit width q Iuls an impact on the optical bandwidth. 
A 60 -m 1 1 si It width corresponds tao a li-nm optical bandwidth 
of the CE diode array detector. 

Al the lowei lunil ol del eel it hi. baseline nuise becomes im- 
portant As long jls the baseline noise of the signal is limited 

to Schottky noise (noise associated Willi the phoin current 
generated b\ the photodiodesj, the baseiine noise is depen- 
dent on ihe total light throughput reaching the detector and 
is Inversely proportional to ihe square root of the light 
throughput (photocurrent): 



&/2qIj*BW 



l $vv 



2.31 



t,h 



whefe Is p -|> '- pcak-to-peak value of the Schollky noise cm- 
rent, q = charge of the electron, ^j, - photometrir signal 
(current J, mid BW = electrical bandw idth. 
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Expanding the sJit, therefore, will decrease ihe baseline 
noise. Thus the o]fTiiiini]i slil width o is a irade-ofThww ■ 
light throughput (noise), linearity, sensitivity, and spectral 
resolution, An important attribute for detector performance 
is the linear dynamic range, calculated as: 

Upper Limit of Detection (AU) 

Lineal' Dynamic Range = — - - ^ . --77- % 

3 x Noise i,Al T ) 

where the upper limit of detection is given by the point 
where the detector response deviates I % In mi 1 1 n 1 rxj iecM 1 d 
linear response (see Rg, 6), 

Different capillary inside diameters are used in (35 (typically 
25 mn to 75 um). For optimum performance the slil Size 
must be well-matched to the inside diameter. Using ih> r^Jnl 
slits, a high linear dynamic range ran be achieved for stan- 
dard capillaries and even further improved using extended 
lightpath capillaries (Fig. 7). 



The slit height 1 along the separation axis lias an influence 
on the resolution (peak width} and peak height of a detected 
peak It also has an impact on the light throughput and in- 
fluences the baseline noise as already mentioned. To mini- 
mize the imparl of the defector on the efficiency of the sepa- 
ration the slii height should be as small as possible. Fig. S 

non of a < iaussian peak detected 
through a rectangular - slit. For simplification, the mathemati- 
cal model neglects the separation ( mobility 1 of the analytc 
(peak) in the detection window. The deformation is given by: 



al Deformation — 



Observed Signal 
True Signal 



where the observed signal is the detector output using a slit 
with height L and die true signal is the detector output using 
an infinitely small s8t 

Longer slits result in ;i loss of resolution (broader peaks) and 

reused peak height of the recorded signal. However, as 
long as the slit is small enough compared to the peak width, 
slightly longer slits do not significantly degrade resolution 
ami they improve the smuiil-io-noise ratio by allowing more 
light to reach the photodiodes. As a rule of thumb, the slii 
height should be smaller 1 ban the parameter a of the detected 
peak, where the Gaussian peak shape can lie described by 
the formula 

f(x) =— U=e ,1- 

v 2.TT 

Peak Width = > 5.54 a (full width at half maximum). 

HP offers a variety of capillary lengths and inside diameters 
to cover I he needs of a wide range Of applications. Three 
standard inside diameters mv available at the moment: 25, 
50, and 75 um. The 50-urn and TiVum capillaries are offered 
with and without extended ughtpaths (bubbles), whereas 
the 25-firxJ capillarJes are only offered vvhh a five times ex- 
panded inside diameter at the detection point (BF=5), 




25 um BF5 50 fini 50 11m 8F3 75 11m 75 fim 

Capillary Type 

Fi#. 7. T;. pteal values Iqj 1 • namfe raage using cfil 

• . 1 1 ■_ = I n ) :n --I - Mi ! ;:■! lie &<& f, 1 1 11 r 1 1 1 - 

the capillary .1 ill- tetecti of'tto b fcecior 
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Fitf. 8. Signal deformation by Increasing the slit I 
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Fig, ft 
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Table I shows the dimensions pi tin slits thai are offered for 
each capillary type, The minimum useful signal bandwidth 
indicates the related optical bandwidth: 

Tabfe! 
Capillary Inside Diameters and Slit Dimensions 

Capillary Inside Slit Dimensions Minimum Useful 



Diameter 


(oxl) 


Signal Bandwidth 


25 urn, DP - 5 


120x80 urn 


1 mil 


BO urn 


K)x628 um 


2 inn 


50 um, BF = 3 


145x14") um 


5 rim 


7- r i Lllll 


55x020 um 


2 nm 


76 um, BF = 3 


200x160 um 


7 nm 



BF = Bubble factor, she >nctease in the diameter of Hid capillary at the detection window of the 
detector 

Spectral Quality 

Capillary electrophoresis is becoming more and more im- 
portant as an orthogonal technique to II PLC The use of 
spectra] Libraries for peak identification, using spectra taken 
in HPU. tan be very help Jul. 

However, ihe optical design of the CE (liixlo array detector 
must ensure that no distortion occurs because of different 



effective path lengths for different wavelengths. The ray 
trace in Fig. 3 indicates that rays of different wavelengths 
may travel different paths through the cell resulting in differ- 
ent effect ive path lengths. Special care has in be taken to 
MiinintEze distortion; otherwise, spectra will differ from 
those taken with an HFLC systeiti. 

As an example, Fig. 9 compares the spectrum oT caffeine 
acquired with a SGrfim standard capillary on ihe hi* i k 
diode array del ecu >r with thai obtained from an HP^Gsys- 
tern equipped with a 2-ran slit. The match is as good as ivpi 
cal matches obtained On lire same instrument with 
repetitive analysis.- 
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Capillary Handling in the HP Capillary 
Electrophoresis Instrument 

Capillaries are encased in cassettes for easy replacement and connections 
are made automatically when a casse* ■ tailed. Air cooling of the 

capillary eliminates teak problems and lowers costs. Vials containing 
samples and electrolyte are automatically lifted from a tray to either end 
of the capillary. 

by Hans-Pet er Ziiiuuermanii 



M the name capillary electrophoresis (CE) indicates, the 
separation capillary is a Hun hi neural element of aCE Instru- 
ment Depending on the application, different types of capil- 
laries are used, I apillaries can differ in length | in m 25 cm 
to ion cm i. internal diameter (28 imi to 150 imu. or coating 
■ if The inner walfe. Thus the user must have the ability t® 
exchange (She capillary easily and quickly. 

In the IIP i'K iiisirunii-jM this ability is |iiuvided I >y a capil- 
lary cartridge system. The capillary is encased hi a cassette. 
By keeping several cassettes on hiand,each with a different 
type of capillary i tit ■ usgt can exchange the capillary in the 
instrument and lie read} for a dilTeivnl application within a 

\\-w seconds. The cartridge system makes it possible to 
change i Jit- capillary in the cassette in a few minutes should 
the capillary he blocked or break, or should its surface be 
deactivated. Ki^ I shows the cassette setup. 

Using the Cassette 

The cassette is sealed with a quicl< lock trtechanism The 

nsei only needs ;i rolleibail pen to Open the rasselle 

La)^ The capillary is threaded through thedetectoi 
interjace {Fig. lb), which later, upon placemen! of the 

i -asseiie. adjusts the capillary to the detector. The capillary 



can now he inserted in the cassette and reeled up on the 
mandrel. A clamp mechanism fixes the mh f capillary end in 
the cassette. The two feet of the cassette facilitate aligning 
both capillary ends to the same length while at the same 
time protecting them. When needed, the cassette is inserted 
into the holding fixture pri» ided in the instrument and 
tipped back. Fig. 2 shows the cassette location in the 
instrument 

When tbe user inserts the cassette into the instrument, the 
following interfaces are established automatically: 
T i Mi- high-voltage power supply tor generating the electric 
field within the capillary 

1 1 i the sample and electrolyte handling system (liquid han- 
dling system) to provide the capillary wiib sample and 
electrolyte for automatic operation 

• To the pressure system to be able to push liquid into the 
capillary for injection or Bushing purposes 

• To the detector lor measuring the absorption of the 
substances separated in the capillary 

• To the capillary cooling system fpr thermostatically 
controlling the separation capillary temperature. 

Connection to the High-Voltage Power Supply, Pressure System, 
and Liquid Handling System, i fpon insertion of the cassette, 
the capillary ends are automatically threaded through the 




Capillary 
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Letting Feet 



taj 



(bl 



Fig. 1. I ftp l|:n 

(a) < Opening the cass 
i lo Inserting the capillary- 
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Fig. 2. Inserting the capillary casaette, 

two electrodes located in the instrument. The electrodes 
establish the links to the high-voltage power supply, the 
pressure system and the liquid handling system. 

Fig. 3 shows the setup of an electrode. The Tunnel Ihreads 
the capillary through the silicone rubber seal, the housing, 
and Hum through 1 lie platinum tube electrode. This elec- 
trode is connected to the high- voltage power supply and 
makes the electrical connection to the tw r o electrolyte viais 
d tiring analysis to apply the electric field for separation to 
the capillary. To avoid corrosion of the elect Todes caused hy 
the electric field and corrosive butters, f tie electrode ttihes 
are made of platinum, which has extreme chemical stability. 
For sample analysis, vials containing the sample or the elec- 
trolyte buffer are lifted up to I he two electrodes so that the 
capillary end and the enclosing platinum Tube dip into the 
liquid. 

To (lush die capillary or to injert sample, it is necessary to 
seal the separation capillary against the vial, so that pres- 
sure can be applied inside the vial If the lid of the instru- 
ment is closed, a spring-loaded pin inside ihe lid presses the 
cassette down on the electrodes. This compresses the sili- 
cone rubber plu.^ ii imi fe die electrode housing so that the 
capillary is sealed against the electrode. During Hushing, a 
vial is sealed to the cone ar the bottom of the electrode 
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Fig. 3. $km i rode details. 
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housing so that the pressure inside the vials presses liquid 
into the capillary. 

Connection to the Diode Array Detector. When ihe capillary is 
threaded through the detector interface, it is aligned radially 
by a V-shaped slot to the slit in the detector interface, which 
shades the capillary and leaves only the defection window 
open. The correct axial position of the capillary relative to 
i he slit is achieved by a small stopper affixed to the capil- 
lary. The size of the slit depends on the iniemal diameter of 
the capillary, so different detector interfaces must be used 
for the different capillary types. The correct choice of inn j 
facie for each type of capillary is indicated by a color code. 

The detector interface floats in the cassette with a clearance 
of ±1 mm. When rhe cassette is tipped back, the detector 
interface is automatically adjusted to fche detection slit by a 
capture funnel (see Fig, -1 }, 

Connection to the Capillary Cooling System. For cooling and 
temperature control of the separation capillary Stir is blown 
into i lie capillary cassette at high speed. Tin- capillary cooling 
system is located in the upper back pari of I he instrumeni 
(see Fig. 2). Whin the lid is closed, air duels iti ihe lid auto- 
matically link the cooling system to Ihe cassette. The function 
of the capillary cooling system is described in more detail in 
the jn'Xi section. 

Capillary Cooling System 

1 Spending on die applied field strength and conductivity of 
the buffer located in the capillary, there is an energy through- 
jiiii i if up to IJW in the capillary during analysis. If the capil- 
lary Were COOled only by natural convection, Ihe liquid 001*3 
in the capillary would rise to more than SO "C ab< ive room 
temperature in a I -in capillary at maximum power- This might 
cause destruction of sensitive samples or even boiling of the 
buffer. Fig. 6 shows the setup and the different Capillary and 
fluid temperatures T,., T,, 1\ T ;. and T f . 

The temperatures in the capillary can be calculated accord- 
ing to Newton's Law: For the temperature difference in the 
core, ihe following is true: 1 



2:rL\2k|| k s t\ k,, t%j 



(1) 



where ri 3 r^. i% and L are die dimensions of the capillary 

(see Fig. G) t k| tT k h , ;ind kj, are the thermal conduct ivi lies of 



Capture Funnel 



"— Spectrometer 
Housing 



Fig. 4* 

- • .. Jit til*'- Cl= k r-- 

.uon. 

the buffer, Ihe quartz wall, and the polymer coating, and P is 
Ihe power level inside the capillary. 

I "sing typical substance values and measures, equation 1 
predicts a temperature difference between die core and the 
outside of the capillary of about 2.0 degrees with a power of 
4*5W and a 1-m capillary length, The temperature gradienl 
within the capillary nuK plays a minor part, The main con- 
tributor to the temperature rise in the core is the heat trans- 
fer to the ambient air at the capillary outer surface. This 
temperature difference can be calculated according to the 
following equal ioi l: ' 



AT = T$ 



2rrLr. : h " 



ffl 



where h is the heat transfer coefficient at the capillary 
surface. 

Unfortunately, the temperature droit at the capillary surface 
is not as easily calculated as equation 2 sii:__> since the 
heat transfer coefficient h has a nonlinear dependence on 
the flow velocity and the temperature of the surrounding 
coolant Fig. 6 show T s the temperature rise in the core (T r ~Tj ) 
as a function of flow velocity for air and for a typical cooling 
liquid [flunrrjearbmi R 77 l rum - iM ; with a power dissjpal i<m 
of 4,5 W/m in the capillary. 

Fig. 6 shows that when cooling the capillary with forced air t 
above a flow vHuHiy of about lb m/s, improvements in cool- 
ing performance, cannot be achieved. For liquid cooling, the 
temperature rise inside the capillary is aboul 3.6 times lower 
than for air cooling al equal velocity, according bo equation 2, 
Flow velocities as high a.s wiih aii\ however, can hardly be 
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Rapid Prototyping for the HP CE Project 

If] the past few years, methods offering trie possibility of transforming 3D CAD 
data directly into a ready-to-mstall part have experienced a steep upturn These 
methods, which have been commercially available for about ten years now. are 
generally known under the catchword "rapid prototyping N Soma of these methods 
and their combination with different replication techniques have reached the real 
aim of rapid prototyping, namely the reduction o 1 time to marker. Within the HP 
capillary electrophones .(CE) project, rapid prototyping met hues became indis- 
pensable, not only because of the ambitious project schedule, but also (&£a 
the fact that some parts, because of their complexity. Gould not have been pro- 
duced in ttie traditional way without suhstantral compromises 

At the Waldbronn Analytical Division, these methods were used for the first time. 
involving significant risk because none of the people concerned could rely on per- 
sona! experience Another reason tor using rapid prototyping methods certarnly 
was trie cost aspect However, it proved necessary tu balance the requirements of 
the individual development steps, the time available, and the complexity of the 
individual paJfcs against one another, in accordance with part requirements, three 





1P!# 



methods were pursued in the HP CE project, two ways to get a resin-plastic part 

and a third method to get an alomma part 
* 3D data -* stereo lithography process -*■ vacuum casting -* plastic model 
» 3D data -► Solider process -* vacuum casting -** plastic model 
► 3D data ~* STL file [Rg.1 f -* stereo lithography process —"STL model (Fig. 2\ -» 

vacuum casting with silicone -» wan model (Fig. 3} -^ceramic she I tur 

traditional investment casting for alumina parts (Fig, 4). 

The real rapid prototyping step results in directly translating the 3D construction 
Jdid mo a solid part The principle of all Hiree methods mentioned above is simi- 
lar a 3D computer model is split into layers of a certain thickness by software 

Various methods are applied to copy the section m question lu materials such 
as photopoiymers or powdery thermoplastics by using ■ I «tf r r p nt reproduction 
techniques. This procedure is repeated until the whole part, composed of hun- 
dreds of layers, is complete (see Fig 5). 




Fig. 1. STL file ceated with a CAD application 



Fig.lSTLrpodel. 
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Fig. 6. Temper tl capiflary. 



realised wilh liquids. At typical velocities of about 0.5 m/s 
with liquid cooling, the difference from high-speed forced-air 
cooling only is about 5^C fS.8 c for air 3.9° for liquid) with a 
4.5 W/m energy throughput in the capillary, The advantage 
of air cooling versus liquid cooling is that capillary handling 
is significantly easier for the user. When exchanging the cap- 
illary, no Liquid has to be drained and no costly sealing Of the 
cassette is needed. Willi air as the coolant, low leakage has 
no disturbing influence. Also, no expensive cooling fluids 
are necessary; which lowers Hie rosi of ownership. 

Because of these advantages of air cooling, we decided lh;n 
an excess temperature of five degrees in the capillary core 
could be accepted la die HP QE inslrument. forced-air cap- 
illary cooling is used with air velocities of about 10 ni/s at 
the capillary 

Because the mobility of the substances in the capillary 
changes by about 2% per degree, another important require- 
ment of the cooling system is the ability in adjust the tem- 
perature of the moling air wilh a precision of +0,1 degrees 
to suppress variations in room temperature. This is achieved 
by a Peltier heat exchanger element regulated by three tem- 
perature sensors. This element makes it possible to adjust 
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the afar temperature ftpm ten degrees below anibienl to 
60 C, Pig. 7 shows the setup of the moling system. 

A radial blower draws air pasl ihe held exchanger of the 
Peltier module and blows the cooled or warmed air tov\ .mis 
the cassette through ilu* air ducts in the lid Krom there, the 
ah Is fed i:ir k in Hit \wu\ exchanger. The Peltier element is 
able to deliver up toSOWofeoolingpowerand up- to 100W of 
heating power to the capillary cooling circuit Because of the 
relatively low efficiency of a Peltier element, there is a power 
dissipation of up to loUWjn rhe heat sink of the Peltier mod- 
ule To remove this heat, ihe I teal sink is forced ah cooled 
bj an axial ventilator, Ventilator, Peltier, foestf exchanger, 
and driver electronics age located in the cooling system, 
embedded tn two Isolating foam shells 

Sample and Electrolyte Handling 

Tb achieve a high sample throughput in a CE Instrument, the 

supply of samples and electrolytes to the two capillary ends 



has to be atrtomated in the HPCE instrument, this tasfc is 
performed by the liquid handling system shown in Fig. s. 

Samples and efei in itytes are in ^mall vials of 2 ml or O.'A ml 
volume in a circular tray ring, The tray ring csn accepJ a 
rtu i \ in 1 1 mi i of \8 vials, A heal exchanger in Ihe renter of the 

iray ring ean be connected to an external cooling hath for 
adjusting ihe vhi! temperature. The heal exchanger is an 
example of several parts of the HP CK instrument lliat w r ere 
designed using rapid prototyping, as explained above. The 
tray ring rests on three rollers al its perimeter and is driven 
by a servo tnotor via a pulle} 

Sat riffles and electrolytes in the fctaj have to be positioned a.i 
both the capillary inlei and ihe capillary outlet Because ihe 

1 1 ay ring must he free to rotate, the vials must be lifted from 
tin- (ray lo the capillary ends. This task is performed by the 
lil'i modules. 'l\vo lil'i modules lift the vinls up r r j the capil- 
lars ends, and a third till module moves viaJs io a needle 
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through which contaminated electrolyte can be sucked off 
and vials can be refilled with fresh electrolyte from a dis- 
penser hot He (see article, page 32)* 

This setup offers several advantages. First, it provides ran- 
dom access to all of the vials in die autosampler. Each vial 
nan be positioned either at the capillary inlet, at the capillary 
outlet, or at the replenishment module, This means Chat the 
user can decide how much of the tray capacity to use for 



Fig. 7. Cdolfcg V'.s!''!n 

sample vials and how much for electrolyte vials. Second, 
changing vials at the capillary outlet allows the different 
fractions of a sample to be collected separately Third, this 
approach allows buffer replenisbmenl and cup i Nary pre- 
conditioning lo proceed in parallel 

To avoid sample evaporation, the vials are sealed with caps 
whose thin membranes are punched upon injection. The 
sensitive ends of the separation capillary would break in this 
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Fig. H. Liquid handling system. 
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process, so a punching needle is located in the lift head to 
[Hvpinu :h the caps. In operation, the vial is held by a kind of 
pliers .it u I is pressed onto the punching needle by a spring 
before being lifted to the capillary. A ring-shaped blade seals 
(tie prepunch needle to the vial rap. The lilt presses the cone 
of the prepunch needle against the seal aJ the electrode 
housing (the seal can be seen in Fig. 3), thereby providing 
I he seal between the vial and the capillary. Pressure for 
flushing or injection can then be applied to the vial through 
a bore it i the prepunch needle. The final position of the vial 
i>, shown in Fig. 9. 
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Sample Injection in HP CE 



For flushing or conditioning the capillary or injecting a sample, air 
pressures or different values and durations are applied. The injection 
system provides precise closed-loop control of the integral of the air 
pressure over time for either direction of fluid flow, The replenishment 
system automates the exchange of used electrolytes for fresh ones r using 
a special double-needle design. 

by Werner Schneider 



When analyzing samples with an eleetrophoretic instrument 
there are rimes when ihe liquid contents of the separation 
capillary have fco be moved, such as for Hushing the capillary 
with differeni fluids for cleaning purposes, for condiflcming 
i1 fur another separation run. or for introducing sample in a 
quantifiable and reproducible maimer. In the HP CE instru- 
ment, these tasks are performed by applying air pressures of 
different values and durations. How this is done is the subject 
of tlit i Inst part of this article. 

The second part of this article describes the replenishment 
system. EJuring a separation run. the chemical properties of 
i be working electrolytes change as a result of electrochemi- 
cal reactions, This is typically not a problem for a single run, 
but for multiple runs I lie run -To-run Stability or repeal abiliiy 
will be lost. Tin- replenishment syslem provides die user wilh 
an automatable timet inn for exchanging me used electrolytes 
with fresh ones. 

Overview 

Fig. 1 shows a schematic diagram of the functions mentioned 
above. The pressure source provides working pressuns. 
The EMI board handles the output of the font pressure sen- 
surs ^indicated b> (he arrows ou( of Ihe oi her blocks) and 
drives the solenoid valves [the two, three, or lour arrows 
shown going Into the other blocks). For more details about 
the relationship of these functions to the other functional 



areas of the instrument, especially to the system control, gee 
the article on page S6« 

Pressure Source 

Flushing, injection, and replenishment are driven by gas 
pressure. Tu avoid r I n ■ need foj externa] gas supplies. Ihe 
pressure source is buill iulo die instrument. It consists of a 
small dual aHing membrane pump. I wo valves (intake and 
outlet ) ( an intake air filler, and two pressure sensor (for 
pressure and vacuum). Dual-acting means that the pump 
provides both overpressure (+p, around 930 hectop&scals or 
millibars? atnl vacuum {-p. around 120 inbar below ambi- 
ent j. The ouipuis of die valves are connected tu iIh two 
large hoi ties, which serve as pressure "Vaparitors" 4 and as 
containers for the fr&sh electrolyte and Ihe waste. Huls the 
containers are also parts of the replenishniem sysienr The 
firmware controls the pressure values with two-pom I 
closed-loop control, with only one of the tw T o valves active 
ill a liroo. 

Flushing and Injection 

Driving a liquid through a lube is in general fairly straight- 
forward; immerse the ends of the tube in liquid, apply a 
pressure ai ihe inlet end, and you get a flow, According to 
the HageivPoiseuille law, the How rale is proportionaJ to ihe 
pressure and to the fourth power of the internal diameter of 
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the tube, and invers i mkmai to the length of the tube 

and J liquid. 

Fl i islung a capillary mean! . relai i vely I ugl i \ >ress< ire 

eptably high flow 

five times tlic liquid contents of the capillary 
have to he pumped through to achieve a thorough flush 
typical flits i minutes f<ir a capillar with a 50-um 

i i isid e c Ii amet er and a i • 

Injecting a sample means applying pressure mid driving 
liquid into the capillary I rere oniy small amounts of liquid 
are I - rito the capillary, and the repeatability of (he 
sample volume nuts* be high. The run-to-run variation mu$4 
be in the rang* ttex 

Small amounts of liQuid means l to2 of the capillary vol- 
ume (or, in more common CE terms, 1 to29( of the capillary 
length j, Since be Hagen-PoiseuiBe Ian can 

be considered constanl in i he short term, the flow rate ta 
direct ly proportional to the pressure difference across the 
capillary, This means that the integral of the pressure over 
time is an acceptably p$& isure for ft e amount oi 

liquid forced into the capillary. Since I he user wants in se- 
lect the injection amoum as a p.-uan icier of i he method, ihe 
instrument nerds to generate the time integral of the pres- 
sure. For example, with a r=*c I -inn inside diameter, 48.5-cm- 
long capillars-, a pressure of 40 mbar for Lh s achieves a 
sample plug approximately 3 mm long. 

Fig. 2 shows die schematic diagram of the injection and 
flushing system, together with a view of the inlet lift holding 
a sample vial The lift is pari of the liquid handling system 
described in the article on page 25, Valve 1 and valve 2 deliver 
air Hows for injection, and valve 3 is lor flushing, Valve 1 is 
utsed for controlling the venting porl Vi-itnn- is active during 
all movement of the components to avoid ihe buildup of 



s press sample, some com 

takes place when the O-ring between the lift head and the 
electrode holder has begun to seal bur has n«it yet reached 
its final sealinu 

Flushing, Flusl rai ghrforward. Aft er the died 

and brought to the sealing position, both valve 3 ant 
activated tirectly connects the vial to the s 

tern - liquid into die capillar. 

the relapsed, both v 

off again, and the lift head is released from the sealing post- 
al for the analysis i 

Injection. As indicated quires much 

smaller pressures than flushing, For avoiding detrimental 
lashing, the pressure is not applied instanta- 
neously but in a smooth manner. The manifold rhai carries 
the valves also has an Internal chamber. When switching 
Valve 1 uii. for example, air from -p Hows through restn. - 
Hon 1 Into this chamber. With the sample vial in the sealing 
position and ^?alve 4 activated, the air flow causes a rise in 
the pressure in this closed system (phase 1 in Fig. 3 i. which 
is measured i> the injection pressure sensor. This is analo- 
gous to an electrical resistor-capacitor arrangement, lha 
the pressure rise follows an exponential curve. Since the 
maximum value of 50 mbar is small compared to ihat of the 
pressure source, the use is almost linear. The same mecha- 
nism is applied to generate the do wnslope. Through valve 2 
and restriction 1. the dos© I sj si em is connected to prims 
drawing the air out of the closed system (phase 2 in Fig 

The timing of the valves is controlled by a successive 
approximation algorithm implemented in the instrumenl 
firmware. Actively controlling both the upslope and the 
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Phase 1 Phase 2 



1 Second 



Time 



Fig, :i. i Caj i.i.'n ■ pressun pi >J$h durfry sOTpie injection. 

down slope provides preeise eJosed4oop control of the inte- 
gral of the pressure over time, lis precision and reproduc- 
ibility are determined by the liming resolution of the instnr 
merit's multitasking system &n<\ the resolution and accuracy 
of the pressure sensor The system totally compensates for 
the variations and tolerances of the other n >mponents, in- 
i hiding the switching characteristics of the valves, the toler- 
nr 1. 1 s of the restrictions, the temperature dependences of 
dimensions, and gas vtsmsities. 

The total area under the pressure curve hi Fig. 3 represents 
ap] ii '< i\i mat el v 50 in bar • s. Values down to 20 mbar ■ s (tins 
Corresponds to a plug lengih of QJ] mm) are achievable with 
less t haii t) _:*'?„ variation. Hence the variations uf ihe injer - 
lion scheme are significantly smaller than those caused by 
d^e so-called "zero injection effect" as described in die ai 
tide on page 5l I 

Additional Features 

The bipolar pressure source allows not oul\ closed-loop 
control of the injection cycle, but also generation of a simi- 
lar curve with reversed sign, that is, I he How direction can 
be reversed- This is advantageous for separations performed 
from the deteci ion side of the capillary, such as fast screen- 
ing separations. 



By appropriate firmware control, Ibis sthenic also allows 
the application of small pressures in the range of -80 mbar 
to +50 mbar. Like the other method parameters, this mucin m 
is lime programmable ami is available during the separation 
run, 

Imp] separation methods like isoelectric focusing, where no 
electroosmotic (low is present, external pressure is neces- 
sar\ iv h pushing the separated species pasi the detector- 

Replenishment 

Repeated runs for every sample are mandatory for valid 

analysis results. Therefore! it is necessary to keep all the 
Conditions and parameters ihal influence the separation as 
Stable as possible. In eleehophoreiic analyses, the elect ro- 
osmotic flow is one ol The major aspects, and is strongly 
influenced h\ the pll value of the run electrolyte. As a result 
OJf the voltage applied to perforin the separation elect ro- 
chemica] by-products are generated < me oi die effects is 

the decomposition of waler. This leads to I be general ion n\ 

protons af ihe positive electrode and hydroxide ious ai the 
negative. More protons in a solution means thai the solution 

gets more acidic, and more hydroxide ions do the opposite. 
These changes directly influence the electroosmotic flow. In 
general, the eh ctroiyte solution is buffered to suppress this 
change, but altera number of separation runs, the buffer 
capacity is exhausted. In die IIP CE instrument, one of the 
kr\ Features is automated, unattended operation. Instead of 
using valuable vial posh ions in the instrument's auiosampler 
for a large number of run buffer vials, Ihe replenishment 
system offers the ability to work with a mini mum set of 
buffer vials, supplying fresh electrolyte into them. This pro- 
vides the user with the maximum number Of positions for 
sample vials. 

The replenishment system is shown in Fig. 1. It consists of 
the electrolyte reservoir, the waste container for holding the 
used liquid, valve 2 for drawing the used liquid out of the 
vial into the waste container, valve 1 for dispensing fresh 
electrolyte into the vial. ;i measuring scheme Tot eon trolling 
the whole process, and a double needle lor act essiug the 
vial. 
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Fig. 4. Replenishment system. 
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The double needle is provided by the replenishment lift and 
serves for emptying and filling the \iai and as the probe for 
the measuring function. It consists of two pieces of stainless 
steel capillary which are welded together with an axial off- 
set of their orifices of five millimeters, The double needle is 
attached to the frame of the instrument. The lift moves the 
vial up and down and the double needle enters the via! 
through the prepunch needle in the lift head \ see ar 
pagt- 

uieasuring scheme uses the pressure sensor, the restric- 
ts measuring line of the double needle, and valve 3. It 
detects when liquid comes in contact with Live orifice of the 
measuring line, that is, when the shorter end of die double 
needle touches the liquid surface. When the measuring sys- 
tem is activated by switching valve 3 on, a small flow of air 
is drawn through the measuring line and the restriction. Like 
a pair of electrical resistors, these two parts of the flow path 
ad like a voltage divider, The ratio of the restriction values is 
approximately 1:15. With one end of the restriction connected 
to -p and the open end of the measuring line at ambient 
pressure, die connection point is at approximately -25 mbar. 
This value is measured by the pressure sensor. As soon as 
liquid touches the orifice, die air flow is interrupted. Thus, 
the pressine at the connection point is drawn towards -p. 
The control algorithm implemented in the instrument firm- 
ware interprets this change <>r the pressure value as the sig- 
ns)] fur "liquid detected, * The related parameters, especially 
the air flow and the infernal volumes of the lines and the 
pressure sensor, are selected so that the delay between 
touching the liquid and issuing the signal is less than 100 
milliseconds. 

The vial is filled and emptied through valve 1 and valve 2, 
which are. connected to the longer end of the double needle. 
Switching on valve J applies the vacuum. This is done be- 
fore the double needle is immersed in the liquid. The lift 
then slowly raises the vial while the liquid is drawn into the 
waste container. The free end of the double needle is tilted 



at a slight angle to avoid blocking the orifice when the bot- 
tom of the vial is reached. 

With valve h: :iid valve 2 dosed, liquid is dispensed 

into the \ial« driven by the pressure in the electrolyte reser- 
The filling height is selectable through the positii ming 
function of the lift, ft is determined by the sensing scheme 
described above and is user-programmable as part of the 
method for every vial independently, For the highest repeat- 
ability 1 of the results, the user might replenish the etectxoryte 
for every run. To keep ihe consumption of electrolyte low 
the user might seled the mirumuni JUling level (the elec- 
trodes must be immersed during the run). En separations 
tliat are chemically robust, the buffering capacity of highly 
:":]!"'! \ials might suffice for six to ten runs. 

When preparing the separation capillary for the next run, in 
the preconditioning phase uf Ihe method, the capillary is 
flushed with buffer. These flushes consume liquid, so from 
time to time the buffer vial has to be filled up again. For this 
purpose, the system offers the refill function. Instead of 
emptying and filling Ihe vial is only refilled to the desired 
level 

It is possible to perform parallel replenishment by using two 
pairs of run buffer vials and replenishing the pair of \ials for 
one separation run while another separation run is in prog- 
ress. This means that after the initial setup, no additional 
time is required for replenishment, provided I hat the separa- 
tion run lime is nor extremel} short 
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HP CE Separation Control Electronics 
and Firmware 



The HP CE instrument consists of a PC and a base unit consisting of 
detection and separation subunits. Methods are developed on the PC 
and downloaded to the base unit for independent execution, The control 
electronics and firmware of the separation subunit takes care of tray and 
vial movement capillary voltage, current and power control, capillary 
temperature control diagnostics, and related data capture. 

by Fritz Bek, Franz Bertsch, and Klaus Witt 



The HP capillary electrophoresis instrument is built of two 
hardware units. One is a personal computer and the other is 
the base unit, which contains all of the hardware needed to 
perform the separation and detect ion. The electronics and 

ill" LMsrniMn-'iil Mifiwan- (. firmware) of'lhr h;ise unil are (he 
subjects of tliis article. 

The software running on the IV is the only interface lo the 
user. There is no local keyboard on the base unit, A three 
color LED is used as a status indicator on the front of the 
instrument. 

The PC fan HP Vecha computet) IS connected via the HP-IB 
[IEEE 488, IEC &jg J to the base unit and performs all data 
handling and user interface tasks. The base unit is built as 
two subunits — the separation subunit and the detection 
subunit — and therefore has two I1P-TB addresses. 

There is no logical connection between the subunits. This 
allows the separation subunit to be compatible with future 
advances in detection technology and makes it possible to 
implement other detector types wtihoul changing the 
separation unit. 

The detection subunil (see article, pa*>c U()| i> \vr\ similai lo 
the multiple wavelength HPLC del eel or o] "the IIP UJSQ LC 
system. 1 From the control point of view it is ideniiral to the 
HPLC detector and electronically it is exactly the same. The 
card cage, power supply, and printed circuit boards are im- 
changed. The local user interface is deleted. 

Like the detection subunit, the separation subunit has a 
cardeage in the rear that holds the various printed circuit 
boards and the power supplies. Most of the printed circuit 
boards are connected to a motherboard on the backplane of 
ibis canlca#\ except lot rh> temperature driver board, the 
Minns indicator hoard, and 1 1 n ■ electromechanical interface 
board, which includes pressure sensors, connections to Hall 
sensors, and the power outlets for the various solenoid 
val ves . Tli e e lectr o mechanical hue rfat e board extends from 
the front of the subunit to the motherboard. The mechanical 
hardware for liquid handling is connected by cables to this 
board or the motherboard. 



Controlling a Method 

A method is the sum of all of the parameter settings and 
commands that control a complete muKsis. A choice of 
activities can be programmed to: 

* Refill liquid into working vials (replenishment) 

* Prepare the separation capillary (preconditioning) 

■ Inject a certain amount of liquid from the sample vial 
(inject ion J 

* Perform (lie separation and collect data (run time) 

* Evaluate data and generate reports ( data anah sisj 

* Clean up the system (postrun and postconditionmg), 

During electrophoresis, electrolytic byproducts are formed 
at the electrodes iti lite inlet and outlet vials, and the sample 
compounds move to either end of the capillary. Therefore, 
the nmning buffer will be spoiled after use. To prevent in- 
fluencing later analysis results, replenishment is used to 
prepare se%'eral vials with fresh buffer Any existing liquid in 
the vials can be drawn into a waste bottle The vials then 
can be filled to a specified level with new buffer from the 
reservoir bottle. During subsequent activities the refilled 
vials can be used as inlet or outlet vials, or as flush and 
waste vials. 

Preconditioning consists of a set of commands to specify a 
treatment of the inner surface of the separation capillary 
and to fill it with a reproducible composition of running 
buffer A list of up to 10b entries can be specified with ac- 
tions like "flush with pressure," "apply high voltage/' "wait** 
a specified time, nr "change* inlet or outlet vials to clean the 
electrodes of residual liquid 

During the injection a liquid amount of typically five nano- 
I iters is placed into one end of the capillary. This can be 
done by applying high voltage for a certain amount of time 
or by forcing a pressure drop across the length of the capil- 
lary. While flic voltage mode tonus a plug How profile, the 
higher-mobility species are injected preferentially, which has 
lo be considered when quantitative measurements are 
needed. The pressure mode does not change the quantitative 
composition, but the hydrodynamic flow profile reduces 
separation efficiency For more complex injection tasks a 
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table of serial actions can be programmed, for example a 
sample plug followed by buffer liquid. 

During rim time the electric field is applied to the capillary, 
which causes the different species to separate. The result is 
measured by monitoring the optical absorbance of the elut- 
ing liquid at up to five different wavelengths. For more com- 
plex tasks a full set of optical spectra can be acquired. For 
defect tracking and further evaluation, up to five other signals 
can be stored during the analysis, A timetable can be pro- 
grammed to change parameter settings during the run in syn- 
chronism with the sample plug injection. Electric field, dif- 
ferential pressure across the capillary, and temperature in 
the air around it can be changed as easily as changing vials 
on both ends of the capillary. 

After the measurement the separation path (capillary) can 
be cleaned by using a list of the same actions that were used 
for preconditioning. The capillary can be cleaned and filled 
with new liquid before the instrument is parked. 

The final result of a measurement is a report that states the 
composition of the sample, both qualitatively and quantita- 
tively. Using the spectral information, peak recognition and 
peak purity checks are possible. Calibration with previous 
analyses allows calculation of exact amounts. An experi- 
enced user can use the printout, of an electropherogram to 
interpret the results. 

Control Requirements 

The eleetrophoretic separation works like an impulse re- 
sponse. The injected sample plug is the impulse introduced 
into the system. Because each component of the sample has 
a different specific mobility, the response is a series of 
(hopefully) separated impulses with different peak shapes: 
the elect ropherogram. This impulse response is dependent on 
both the input impulse (the injection plug) and the system 
response. 

While the injection plug is mainh dependent mi physical 
parameters, the system response is mainly dependent on 
chemical parameters, and both are dependent on timing 
relations, The injection plug depends on the geometry and 
length of the capillary, the viscosity and temperature of t lie 
liquid, and the value of the applied fo# • multiplied by ihe 
time interval. While the fust factors are not controlled but 
are more or less constant, the applied force anil the Time of 
application require good precision, If an injection of ~.0 mbar 
tiniest seconds is wanted wiih a precision of 1%. then a 
GO-mbar pressure source is required wiih O.^iiibm- precision 
and the time has to be controlled within less titan 15 ms with 
transients taken into consideration. 

The system response acts in two different ways. One is fche 
bulk speed of die liquid (electroosmoric How) and the other 
is the specific mobility of the separated compounds or mole- 
cules. These are primarily dependent on (he length of the 
capillary and the voltage applied across it during I lie separa- 
tion f during the run time), but are also dependent on Ihe type 

of buffer and the temperature, There are also secondary de- 
pendencies, more chemical with Hie eleclroosinolic Hon and 
more electrical with the conductivity and field distribution. 

To address the elect roosmol if flow dependencies the sys- 
tem allows activities bundled as l 'pieenndi1ioning." This is a 



series of up to 100 steps specified by the user to pretreat the 
capillary s inner wall. This treatment can include: 

• Filling the separation capillary with mobile phase 

• Removing gas bubbles 

■ Cleaning the stationary phase using extreme pH 

• Exchanging the mobile phase 

• Conditioning the stationary phase to the final analysis pH 

• Reaching thermal equilibrium 

• Removing old sample from the capillary, 

ile the freedom to select a number of different actions in 
serial combination allows the user to address various prob- 
lems, the execution is reproducible and synchronized within 
100 ms. This is valuable because the time constant to r<r 
equilibrium may be days, To speed up the analysis, it is use- 
ful not to wait until equilibrium is reached, but to gain repro- 
ducibility by precision in timing- Thus, the results ride on a 
wave. In HPLC there is no specific timing requirement for 
other actions outside the ran time. Different durations of 
injection cycles don't show a dramatic influence on the sep- 
aration results. But in HPCE preconditioning is a major as- 
pect. Reproducible results can only be achieved when the 
timing of the conditioning phase for repeated runs using the 
same method is always the same. It may be useful to have a 
constant time for feeding vials to the cassette, independent 
of the number of vials or the move distance. 

Because communication from the PC-based software to the 
instrument via the HP-IK istOQ slow ihe instrument must 
have all of the parameters needed before the analysis is 
begun. Therefore, the complete method is copied to the 
instrument, w T hich then executes it completely without 
interaction with the computer 

Method Execution by Firmware 

The analysis consists of user-definable steps like replenish- 
ment of vials T preconditioning of the capillary, injection, 
running, and post conditioning of the capillary, To in :hieve a 
high reproducibility of ihe analysis it is essentia] ihm the 
durations of the steps and the intervals between them have 
only small variations [ < 100 ms). This is accomplished by 
generating the method on ihe PC 1 and then downloading the 
method to the instrument, where die real-time operating 

system in the insirnjneiil takes can- of the exact timing of 

the analysis. After the analysis the PC is responsible for data 

evaluation. The operating system in the instrument is a real- 
time, multitasking operating system previously used for the 
HP 1050 HPU system.- 

To address the conductivity and field distribution dependen- 
cies mentioned above the system allows seleci ion of the 
control mode (voltage; current, orpower) and the storage of 
the measured values of voltage, current, and power as raw 
data with the detector results. While voltage control is most 
precise when Ihe conductivity is equally distributed across 
the capillary length, current control keeps the held strength 
in the buffer portion independent of the conductivity of the 
Injection portion [f temperature is the major influence] 

power control can keep the internal temperature rise in Ihe 
capillary constant to adapt In changes in overall conduct iv 
ity\ The stored measured voltage, current, and power data 
can be used for checking and diagnosis OI to calculate i" 
cific behavior. Foi example^ 8*£ mohiliiy reporl uses the 
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voltage trace acquired during the analysis to calculate ttie 
apparent mobility of the species. 

Temperature 

The temperature of ihe capillary in the cassette has to be 
stabilize I because ir influences ihe i Jt.t nophciretlG results. 
One can compare this with the thenuostabi ligation cf an 
HP1G column. Elect romobilities depend on solvent viscos- 
ity, which changes al ;i rate of about 2"/ 1 Bear typical buffer 
solvents. Chemical retcniion, if it occurs, isalsn influenced 
hy temperature. In general, tooling is required because the 
current through the capillary heats the solvent and would 
boil the liquid with the sample in it. The temperature must 
be stable within al leas* ±0. 1 C and perhaps as low as 10 D C 
below ambient 

For cassette cooling a Peitier element is used instead of a 
chiller. This element is made of semiconductor material, ami 
with electrical current applied, one end is heated while I he 
other end is cooled. Pie direction of current flow defines 
which end is cooled. Thus the unit can be used for both 
heating and cooling by reversing the cxciiatn m Voltage 

During automated sequences the samples to be analyzed arc 
kept in the liquid handling tray. If temperature-sensitive 
samples like biosamples are being analyzed, I he sample StOi 
age area has to be cooled to as low as 6 C to ensure that the 
samples are not spoiled while they are stored in the instru- 
ment While capillary cooling is always required, the tray 
cooling is an optional feature. The user can connect a chiller 
to control the tray temperature and the IIP VE instrument 
will measure and display the nays temperature* 

Forced-air cooling is used* The forced-air circulation has to 
be fast enough to ensure that water condenses only on the 



surface ol the moling heal exchanger This mw be- 

cause a wetted surface is able to conduct electrical euneni 
With 30 kV in a sample bottle this can lead to unexpected 
high voltages in other areas of the insl rumen t . 

An analog-io-digital convener (ADO resolution of 12 hits is 
sufficient lor all of the signals that need to be converted. The 
highest resolution is required for temperature control of the 
capillary and for raw data generation. A 12-bit ADC allows a 
resolution of 0,075 jiA in current and 0.025' C in temperature 
measurements. 

One ADC is multiplexed to measure the analog signals for 
voltage, current, return current, pressures, and temperature. 
Multiplexing requires more firmware support . It is a toad In 
tin- interrupt level of the system processor and is therefore 
time-sensitive, but it saves hardware cost. 

Separation Sub unit 

Fig. 1 shows the functional blocks of the separation submiit 
which are: 

• Operating system 

• Vial and liquid handling 

• High -voltage control and safety functions 

• Thermal control 

■ liepfenishmeul and injection. 

These functions are separated onto different printed circuit 
boards. The separation subunit contains the following 
boards (see Fig* 2): 
Main processor board (CMP) 

■ PC interlace board (CRB) 

• Electromechanical interface board (KM I) 
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Fi^. 2. Rlrrtrnmr l>lin-k di&gi&m ofthe separation sulninit, CRB - 
PC interface board. ( -MP = main processor board. SMI = olertrnme- 
erramca] interface board. PDV = servo hoards. HVT = liigh-vultage 
and temperature control board, TOR = [oniiHir^T.urc drivear board; 

Four servo boards (PDV) 

Iligh voltage and temperature control board (HVT) 

Temperature driver board (TDH) for Peltier current control. 

Position Control Servos 

The central functionality of the separation subunit. is vial 
handling. Lip to 50 vials can be selected to be placed at either 
the inlet or the outlet end ofthe separation capillary. In addi- 
tion to taking a vial from the tray and placing it at a capillary 
end, the vial handling system has to place the vials at a de- 
fined height. Depending on the liquid level in the vial and the 
necessary depth of immersion for the electrode, a position- 
ing offset can be set. A position servo system is used to 
drive the lift spindle, which is able to provide position and 
force feedback. 

The same type of position servo is used for the tray move- 
ment. The servos are initialized to a special position and all 
vial posilions are in reference to I hat. For T tie tray this spe- 
cial position is a fixed distance from the mechanical stop 
that prevents the tray from being turned more than one 
revolution. 

Every movement using the servo positioning is controlled by 
a smooth harmonic function. Both the speed and the accel- 
eration are ramped. This generates a stress-free moving pro- 
file that is easily calculated by the microprocessor at an 
80-Hz interrupt rate. 

Tra> and Lift Initialization 

After power-up of the instrument the lifts and the tray must 
be initialized to a known state before the firmware can use 
them. The initialization procedure first interprets the current 
stale of the mechanics, then finds the home positions for the 
servos, and then calibrates the lift positions relative to the 
segments of the tray. The sequence allows precise position- 
ing without adjustments of the mechanical assembly. The 
need for absolute position sensors is avoided by using the 
position and torque information from (lie servo drivers. This 
lowers the cost, since even inexpensive sensors such as 
light switches and Hall sensors cost money and require ca- 
bling, connectors, and often adjustments. Furthermore, the 



presence of sensors in the high-voltage area could" lead to 
reliability problems. 

The mechanism is designed to allow random access by the 
lifts to the vials in (he I ray. To achieve this the lift finger is 
lifted through slits in the tray segments and the movement 
of the tray is blocked when the lift finger is within a slit. 
This means that the system needs to know the exact posi- 
tion of the tray segments relative to all lifts. All servos need 
absolute reference points for proper positioning. To bring 
the vials in the lift, stations back to their correct locations 
after a power failure, the location of the vials is held in con- 
tinuous memory. 

To find the current state of the system the initialization pro- 
cedure first tries to initialize the tray. In most eases this is 
successful because the lifts have normally reached their 
upper or lower positions before the instrument is switched 
off If the tray is blocked by one or more lifts the next step is 
to resolve the blockage. The lifts are moved down with re- 
duced torque. Because the orientation of the tray relative to 
the lifts is unknown in tins phase, it can happen that the lift 
finger is blocked by a vial or by a tray segment. In this case 
the lift is moved upward again out of the tray. Discrimina- 
tion between hitting a vial or a segment and a correct initial- 
ization of a lift is based on the characteristics of the torque 
increase when the lift finger hits something hard. The real 
emlstop is much stiller, so the torque increase as a function 
of distance is steeper compared to the situation when the 
lift hits a vial , for example. After this step no lift", should be 
blocking I he fray. 

Now the initialization and find home process starts. First, the 
tray starts to initialize again, checking that its complete path 
is free. It does a fiill turn while monitoring the force to de- 
tect blockages. The lifts are now initialized and the vials in 
the lifts are brought into the corresponding tray locations. If 
there is any vial conflict, for example the user put a vial in 
location 20 ofthe iray while a vial with the same number is 
already in a lift station, the system sends an error message 
to the user to remove this vial fiist t and the instrument turns 
the tray so that the corresponding location moves to the 
front access region. Because of problems like vial conflicts, 
the initialization process needs some user interaction. It is 
not recommended to start operation automatically at 
tunvon of the instrument.. 

The next step is to calibrate the position ofthe lifts relative 
to the tray. Mechanical tolerances in mounting the lifts and 
segments are compensated by this calibration procedure. 
The lift finger of a lift is brought into the slit of segment 
and the tray is moved with constant torque to the left and to 
the righL The average of the positions reached gives the 
exact tray position for that lilt With the same procedure the 
position of every tray segment relative to the lifts is measured 
and stored in the continuous RAM, Every access to a vial 
uses the stored values to eliminate mechanical tolerances. 

Servo Control 

An applical ion-specific servo chip, optimized for velocity 
control, is used in this instrument. Special firmware routines 
generate the velocity profile to achieve a gentle movement 
of the servos. The servo chip uses current control to drive 
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ihr motor, and the control error rati be used as a signal pro 
portioual to Ihe required servo torque. This allows full eon 
troJ over the forces in the system. II also makes it possible 
to detect that a servo is blocked and switch to Hie error re- 
covery routine to resolve the blockage. To achieve a good 
dynamic response of the servo, the motor driver can gener- 
ate a maximum current that will destroy Ihe motor with just 
eight seconds of continuous operation. Therefore, to avoid 
damage w r e implemented a firmware fuse. The firmware 
calculates a simulated temperature of the motor according 
to the heat generated by the current through the winding, 
subtracting expected thermal losses. If this simulated tem- 
perature becomes too high the servo is switched off and an 
error message is generated. 

Movement Control 

The movement control firmware translates high-level move 
instructions into low -level move commands for the servos 
and a signal to indicate when an instruction has been exe- 
cuted, The high-level instruct ions include: 

• Find the home position for a servo 

» Remove the vial from a specified lift 

• Find a vial, put it in the lift, and raise it to a specified position 
Set torque (move a servo with a specified torque) 

• Put the two home vials in their lifts and raise them to their 
normal positions. 

The low-level move commands include: 

• rests rtservo. Find the orientation of the rotor and sfator for a 
servo. 

• initservo. Find the zero position and search index. 

• segmentchect Measure the position of a iray .segnienl relative 
to a lift. 

• move. Move a servo to a given position with a velocity profile. 

• findvialpas. Find the location of a specified vial. 

• fmdvialinlifL Find which vial T if any, is in a specified lift. 

• store vtalpos. Store the location of a vial in continuous RAM. 

• Signal the end of the high-level command. 

For example, say that vial 30 is in the replenish lift and vial 
25 is in the inlet lift and the task is composed of the high- 
level commands, u Fmd via! 30, put it in the inlet lit!, and 
raise it to the default posit ion." This is translated into the 
f ol 1 o w i n g low -level c om n ian< i sequenc e: 

• findvialpas of vial 30. This will find vial 30 in the replenish lift. 

• move vial position 30 of the tray under the replenish lift. 

• move the replenish lift downwards until the vial is in the tray, 
i storevialpas of vial 30 in die tray 

• findvialiniift in the inlet lift. This will find vial 25 in the inlet 
lift. 

• move vial position 25 of the tray under the inlet lift 

• move the inlet lift downwards until ihe vial is in the tray. 

• storevialpos of vial 25 in the tray 

• move vial position 30 of the tray tmder the inlet lift. 

• storevialpos of vial 30 in the inlet lift, 

• move the inlet lift upwards until the default position is 
reached. 

• Signal the end of the command. 

These low-level move commands are put in a queue. The 
servo control firmware executes one element after the other 
from this queue. When a new high-level command arrives 
before the queue is empty the rou line that translates the 



lugii-lrvet commands to low T -level commands can't use the 
actual vial locations because the commands that are still in 
the queue may alter these locations. To foDow the move- 
ment of the vials, every entry in the queue creates a virtual 
vial location which represents the vial location after this 
entry is executed. When a movement error occurs the queue 
is cleared. Depending on the type of error, the error recov- 
ery routine generates a new queue to bring the mechanism 
into a controlled state and gives a description of what 
caused the error. 

High- Voltage Control and Analog Signals 

The high-voltage pow r er source is an encapsulated unit that 
contains two cascades, one for each polarity. A high-voltage 
vacuum relay is used to switch polarity according to the 
method settings. To interface the high-voltage pow r er source 
to the microprocessor, some hardware is used to generate 
analog control signals and some monitoring signals are fed 
to the ADC. As mentioned above, the ADC is multiplexed to 
measure the analog feedback from the high- voltage pow r er 
source, the pressure and vacuum signals, and the tempera- 
tures. Digital status information from the high-voltage 
source is fed to the microprocessor for control and error 
detection. 

A double-contact relay is implemented for safety purposes. 
In any emergency condition tills relay breaks the 24V supply 
for the high-voltage pow r er source. The double contact (two 
contacts in series) ensures the required safety level Tor this 
type of functionality* 

Voltage, Current, or Power Control 

Historically, voltage control has been used for electrophoresis, 
This keeps the field strength constant during the analysis. 
However, even the best cooling and thermostat ing of the 
i ;i| lillarys outer wall cannot prevent a temperature rise in- 
side in the liquid, especially when using a high salt concen- 
tration. A temperature rise changes the viscosity and thus 
the mobility of the various species. This makes the different 
peaks elute faster, even when the field strength is kept con- 
stant . Because the conductivity of the buffer liquid also in- 
creases with rising temperature and thus the joule heating is 
increased, this effect is self-amplifying. 

In such a situation, current control is advantageous. With 
current control, the feedback loop causes the voltage across 
the capillary to decrease when the conductivity increases as 
a result of an internal temperature rise. Thus, the effect, is 
more self-limiting. How r ever f measuring very small currents at 
high voltage is difficult, so the precision of current control is 
not as good as voltage control: 1% compared to 0. 1%, 

In thermally sensitive applications it may be advantageous 
to use power control. Variations in conductivity are then 
compensated, leading to a more reproducible internal 
temperature, which in turn stabilizes the analysis results. 

Voltage Measurement 

The high-voltage supply outputs a signal proportional to the 
high voltage at the output. This signal is used for monitoring, 
power control, electro migration injection, raw data to the 
PC for data evaluation, and limit sensing. 
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The output voltage is controlled by the high- voltage source 
internally. Tins means that voltage measurement is not re- 
quired for voltage control The major performance requ. 
ment is the precision and stability of the output voltage: ab- 
solute accuracy is secondary. The IIP CE design yields a 

which means only 10V fluctuations on a 
10-kY output. 

Current Measurements 

Two current measurements are made on the high-voltage 
sou: ls the current monitor signal from the high- 

voltage power supply and the other is the current at the 
capillary outlet next 10 the detector. For the latter, there is 
a current sense resistor between the vial ground electrode 
and the power supply's grounding pin. This leads to the re- 
qujivmem thai the ground electrode be insulated. Even 
when there is no voltage difference, the current must be 
confined until it is measured. This measurement del 
current from the high-voltage supply thai is not flowing 
through the capillary Such leakage current can be caused 
by wet surfaces or carbon tracks in plastic parts. It is a good 
safety and diagnostic feature to detect such leakage traces 
in the high-voltage path. 

The measured current data is used for monitoring, limit sens- 
ing, power control, elect ronugrarion injection, raw data to die 
PC 1 for data evaluation, leakage current detection, and bubble 
detection. For generation of raw current data only the return 
current from the capillary is used. This signal is integrated to 
i li =! ( inline injection volumes during electromigral ioi i in ji id ion 
when the current and time have been specified. 

Corona effects, sparking, and insulation breakdown are de- 
tected and a yellow warning flag is displayed on the PC user 
inii 'i face to point ont these problems. 

To stop tile analysis when a gas bubble has formed inside 
the capillary, a lower current limit can be set. If the current 
is not over this limit half a mi mile after voltage is applied, 
the analysis will be terminated to prevent local burning of 
i tic capillary. 

Pressure Measurements 

Data from jin-sMire measurements is used for control of the 
pressure source, hydrodynainic injection, liquid level sensing 
during refill, caw data to t lie PC 3 and diagnosis and error 
detection, 

hot various needs, the pressure source Can Supply up to 1 bar 
at "pressure and 0.4 bar of vacuum. Both pressures are stored 
in reservoirs which are filled sequentially from a membrane 
pump, Tins bipolar source allows push-pull actions which are 
used for empty-refill operations, up-down injection profiles, or 
controlled bipolar pressure across the capillary. 

Injection Control Algorithm 

To get high reproducibility for quantitative measurements in 
CE it is essential to have a ven precise iiijeciiun process. The 
HP CE instrument allows either hydrodynainic or electro- 
migration injection* In the hydrodynainic injection mode the 
Injection volume is determined by the trai€ inte^al od pres- 
sure across the capillary. This pressure/lime integral ean be 
as low as 20 mbar-s. When pressure is applied by simply 
opening a valve tor a specified tlnta Ehe slope ofthe pressure 
during switching of the valve is not very reproducible. Gas 



rushing through the system will cause pressure drops thai 
may result in transient errors in die pressure sensor signal 
relative to the real pressure generated across the capillary. 
Therefore, as described earlier, the HP CE instrument uses 
pressure tanks as gas flow sources with high output imped- 
ance. The conditions are controlled so that the pressure 
increases or decreases according to a linear ramp function. 
With the bipolar gas sources this ramping can be performed 
in both directions. With this system, valve switching time, 
the resistance and capacitance of the tube and chambers. 
Hie signal sampling rate, and even limited leakage are no 
longer factors that influence the precision of the pressure 
integral applied across the capillary. 

'b - finish tliH injection profile another valve is switched to 
ramp down the pressure in the inlet \iaL A kind of pulse 
width modulation is used to achieve a predefined slope 
specific pressure values during the ramp the system checks 
to see if the integral has reached the appropriate value. By 
design, the integral will always be smaller than the expected 
value. The ramp is then stopped and die pressure is held 
I tassh ely uni il the measured integral is correct, and then the 
ramp starts again. This leads to a successive approximation 
of the integral until the target value is reached within ±0.3%. 

I ■'■ r hydrodynainic injection a variable pressure can be se- 
lected in a range Ofd^O mbar. For flush and clean procedures 
the full presstire of about 1 bar is applied to the inlet vial. 

Replenishment Control 

During the analysis the content ofthe run buffer will be- 
come modified by the addition of electrochemical by-prod- 
ucts. To achieve good reproducibility of the analysis the nut 
buffer should be exchanged after several runs Tin 1 replen- 
ishment system allows the nsw toernptj a \ ial refill a vial, 
or bring a vial fcba t&esired level automatically 

To determine the liquid level in a vial the following steps are 
executed: 

• Draw a small airflow through the short end ofttte replenish 
double needle and measure the pressure drop in the needle, 

# Move the vial slowly Upward against Hie end of the capillary 
and wait for a sharp increase in the pressure drop, indicat- 
ing that the needle has touched the liquid surface* 

The noise ofthe pressure sensor must be very small be 
the detection algorithm uses the slope of the pressure to 
achieve a small delay between touching Hie surface and 
detection. For a complete description of the replenishment 
system, see the article on page 32. 

Capillary Temperature Control 

Because a temperature change of 1C changes the viscosity 
by more than 2%and viscosity has an influence on elect ro- 
pboreijc mobility; the capillary temperature must be con- 
trol led so thai ii is stable within .iD.r (' su as nm u. degrade 
the analytical reproducibility. 

The capillary temperature is controlled by beating or cool- 
ing, depending on its relation to ambient. A Peltier cnolei is 
used as a cooling element for the rapillarv By reversing the 
emrent polarity the same element ean be used for healing. 
Because its power efficiency may be as low as 20%, an eler- 
t lie; 1 1 supply of 100 waits is required, A current source was 
selected to drive the Peltier element because in this type of 
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application the Peltier is much more linear than wills voltage 
control. An additional benefit is thai current control is inde- 
pendent, of the supply voltage, which allows operation with 
an unstabiiized voltage, reducing the cost of the power supply 
and increasing the overall efficiency. 

The efficiency of a Peltier cooler is dependent on the tem- 
perature difference hetween the hot side and the cold side. 
At a certain temperature difference there is no more cooling 
even when more electrical power is supplied. To avoid oper- 
ation hi I his region both Peltier side tempera in res are mea- 
sured. This information is also used to preveni either sidf nl' 
the Peltier from becoming heated above 80°C, which would 
decrease the lifetime dramatically. 

The temperature to be controlled is nol the Peltier's, but the 
capillary's. While the exact temperature of the capillary is 
hard to measure because of the size and geometry, the air 
temperature around I he capillary tracks it closely in value 
and time. Thereto re , a sensor is placed where the air I low 
exits the capillary cartridge. This allows a fixed location for 
the sensor and wiring while the cartridge is easy to access. 
The high airflow speed of 10 rn/s provides good, fast thermal 
eon lad bet ween tire capillary and the therniosensor. 

Cascaded Control 

To achieve good precision u unbilled with steep slopes, a 
cascaded control concept in implemented. This requires a 
little more hard ware and firmware, but offers better control- 
lability along with flexibility and ease of optimization. This 
saved risk and speeded the development process. 

As already mentioned, the efficiency of tire Peltier is strongly 
dependent on the temperature difference hetween its hot and 
cold sides. Therefore, it is wise to keep the temperature dif- 
ference between the air and the Peltier as low as possible. 
This leads to a heat sink large in size and volume. A good 
heat sink material is metal, which has a high thermal capaci- 
tance. The result is a long dead time and a high time constant 
between the Peltier temperature and the air temperature 

Conventional control algorithms are either slow r or show 
long ringing or instabilities. The cascaded control loop of 
the IIP CE instrument uses a sensor close to the Peltier's 
cold side to achieve speedy measurement for steep slopes 
mid good stability. However, the ambient rejection is not so 
good. Varying loads, dominated by the ambient temperature, 



may lead to a temperature difference of up lo 8 between 
the heat sink close lo the Pell ier and die air at the capillary. 

To correct this problem, a second control loop is imple- 
mented around the control loop that stabilizes the tempera- 
lure at the Peltier, This outer loop overrides the setpomt 
value for the firs! loop and adapts to ambient changes in the 
"minute" range while the inner loop of the cascade operates 
in the "second" range, As soon as the inner loop reaches a 
temperature close to its setpoint , t lie outer loop is activated 
to adapt the setpomt accordingly to reduce the difference 
between the Capillary air temperature and Ihe user- 
programmed value. 

The Peltier element is mounted on a heat sink built into the 
top rear area of the instrument above the two card cages of 
the subunits. The switched-mode current source is on an 
extra printed circuit board next lo 1 he Peltier. The power 
Transistors are connected to the same heat sink as the 
Peltiers hot side and therefore can be cooled efficiently. 
The current source is controlled by tw r o digital signals. One 
signal controls the power direction and the other defines the 
current through the Peltier. 

The pulse width modulation for the current source has a 
frequency of about 30 kHz with ISO-step pulse width resolu- 
tion using a clock of 0.00 MHz. An 8-bit data word is needed 
for I his, but if only 8 bits w r ere used, the limited resolution 
would require a fast response to keep the resulting fluctua- 
tions small. Therefore, a G-bit fine-tune feanrre first used in 
the HP 1050 HPLC system is used for Peltier control to keep 
the temperature Stable within ±0,1C or better. This gives a 
controllable dynamic range of about 10000:1 with the highest 
resolution at low power values. The control loop calculates 
a 14-bit control signal every three seconds. This calculation 
is somewhat complicated, but is not executed very often. 
The upper 8 bits are fed to the pulse width modulator, while 
the lower bits are used to modulate the pulse width modu- 
lator in a 12.5-ms time slice (see Fig. £), The benefit is a 
Irigher base frequency, which is filtered better by the thermal 
time constant of the system. Thus, the required temperature 
stability is achieved widi inexpensive digital hardware, simple 
firmware algorithms executing at an 80-llz rate, and complex 
calculations every three seconds. 
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Safety 

To guarantee user safety, the HP CE instrument implements 
a number of safety features. Tray rotation is stopped after a 
maximum of 400 ms when the tray door is opened. An> 
movement that was in prou i <hed after the do< i 

closed again. The high-volt r supply is brougl r 

nV and switched off when the top cover is opened or when a 
leak is detect© 1 The m is switched off when the 

top avoid finger injun* re on the 

vials is released in * when the u>\ ned; 

Otherwise, the vial corn ents would be spra e the 

detector compartmeni Pressure is removed from the buffer 
bottle if a leak is detected 

Evaluation 

Wlien a concentration dependent detector signal is inte- 
grated over time the peak area is a measure i >f the amount 
of separated sample cotupoimd. The -ample area and the 
amount are related by the speed of the absorbing particles 
as they move through the detector cell 

In HPIJ ions tlie speed of the sample is normally 

known. 1) is the flow rate of the liquid, hi electrophoresis, 
the separating power is the difference in the mobility ol 
compounds, which means that the ci mipnunds have differ- 
ent specific speeds while moving through the detector. 

Tbcorred for speed differences in later evaluation sti 

information aUun The moving force is needed. In a simple 
analysis the voltage is constant during the complete run. hut 
temperature changes have an influence on viscosity and 
mobility, and a time-programmed voltage or fraction collec- 
tion can have a tremendous influence on absolute-area-to 
amount calf illations. 

To support future evaluation developments the III* CE in- 
strument supports five raw data eh; Is in addition lo the 

detector signals 
•« Voltage, current, and power of the high voltage source 
Pressure across Hie separation capillary 

* Temperature of the air fn>m the ea.sselh-. 

Diagnostics 

Tr;idiiionally. diagnostic routines buffi into tastnatiefUs are 
based on foe perception thai the failure modes are already 
known during the develoj mi enl phase. Kor these failure 
mei .'hanisiuN special tests are implemented ( RAM, ROM, 
communication, display, etc | which generate a pass/fail 
indication or a value. Sometimes the knowledge of a specific 

failure tnode in the early development phase leads to 
(manges of the produrl rliat reduce or l ven eliminate tlie 
failure mode However there is no possibility of avoiding 
tlie learning rune I nexpected behavior and dependencies 
always appear after the product is released, and may in- 
erease the list of diagnostic functions needed Thus, the 
diagnostics implemented in the early phase mitfht be ol tittle 
use while (hose most rteeded an- not supported- The disad 
vantage of the traditional concept fcs that the diagnosis of 
failure modes dis< overed after the development phase is not 
possiiiji* wnhout produri changes. 

The HP I i: insirimient Implements traditionaJ diagnostic 
functions &$ outlined above, but the firmware also imple- 
ments basic functions for diagnosis, such as read sensors, oi 



write to hardware address, Macros on the PC can use t: 
basic fm Construct complex diagnosis fu net ions to 

address specific problems. Now if a new failure m< n 
discovered, we just add a diagnosis macro for it and create 
an updated version of the diagnostics disc to distribute it to 
the manufacturing and service organizations. This leads to a 
continuous imp r- fthediag? it the instru- 

ment, and we spend Eht ie diagnosis functions 

only for failures that have aetuall.v occurred m the field 

vaiuaJ a* iumst modul 

implemented within the product, so manufacturing does not 
need a large amount of special equipment. The service per- 
son at the customer's site has all the equipment needed to 
perform the same tests as originally used in the factory 

Diagnosis Functions 

The instrument normally collects equally spaced data for 
voltage, current, power, \ ial pressure, and temperature in a 
buffer memory in the instrument RAM. The diagnosis linn- 
ware makes it possible to redirect other data like servo 
speed, servo position, servo current, sensor data valve states, 
and so on to this htiffer. Tims, we can store up to live config- 
urable measured values, with a configurable data rate ol up 
to 10 Hz, The V( " si >fi wave reads this buffer and generates 
!' -ports and graphics 

This tool greatly improved our ability to find hugs during f h< 
development phase because we got the history of servo 
positions, pressure values, and i ithe-r measured values when 
an error occurred. II also nave us much more instghl (like a 

built -m osrillos* .jpeforeiertromeehaniesi inin wlial milk 
happened in the unit than we prould have obtained from 
single nieasuremei its. 

\n advantage of this firm ware feature is ihar service person- 

nel can use u lo find problems m Ihe Held and can send (lie 
printoul to the factory for a simple form of remote diagnosis* 
An example is the macro for checking the pressure .system. 

It rakes about five minutes and cheeks the power of the air 
pump and the tightness of the pressure and vacuum system, 
rhe injection system, and die replenish system and Stores 
tin 1 data from all of the pressure sensors, a graph of these 
quantities characterizes niosi of the pressure system and 
helps diagnose die problem if there are deviations from i\ir 
norms 1 1 behavior, 
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A User Interface for Capillary 
Electrophoresis 

The graphical user interface of the HP CE instrument is designed to be 
easily understood by users familiar with other separation methods but 
new to CE. It provides for method programming and simulation and for 
visualization of the status of the instrument and the running analysis, 

by Aluiii RRzmann and Klaus Witt 



The architecture of the user interface for the IIP CE 
instrument is similar to HFs IX' OhemStation. Like the IX 
ChemStation, it uses Microsoft * Windows as a platform. 
Because electrophoresis is seen as similar lo IIPLX 1 and the 
same type of diode array detector is used, it made sense to 
us that the user interface should be similar; II also helps that 
Ik )ili systems arc developed at the HP Waldbronn Analytical 
Division. 

The HP CE ChemStation consists « \f an III 1 Vectra 1S6/G6XM 
or corn pal ihle computer with 12M bytes of RAM,, a 120- 
Mbyte hard disk drive, an HP-IB (IEEE 488, J EC (i25) card, 
MS-DOS- ii.xx, and MS Windows 3J or higher. The PC is in 
charge of data handling, which includes all functions with 
midrange timing requirements: 

* Sequencing 

> Election of mediod parameters 

» Method storage 



• Long-term control of the instrument 

• Error handling 

• Co 1 1 e c t i on of r un-i i me d at a 

• Data processing (e.g., integral ion) 

• Renorl generation 

• Message logbook and error log 

• User-controlled liquid movements. 

User Interface Strategy 

A major objective for the user interface was to help the user 
not. be afraid of the measuring device. Because CE is a new 
separation technique, many users will be switching from 
other procedures they are already familiar with, and then 
expectations may be basically different. A person acquainted 
with slab gel electrophoresis will have no problems wil.h high 
voltage but sequence analysis programming and automatic 
data analysis with calibration will be new, A chromatographic 
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expert, on the other hand, will consider these aspects old 
hat, but step-by-step conditioning and the frightfully high 
voltage may be new. 

A graphical user interface was selected to provide visibility 
into the operation of the instrument and thereby counteract 
any initial problems by conveying the feeling to the user that 
the measuring device is controllable, Communication with 
the user toy interactive visibility is a great advantage. Many 
applications cannot be imagined without icons, 3D buttons, 
WYSIWIG, or multimedia anymore. It is far more comfort- 
able to follow the consequences of one's behavior on the 
screen interactively. 



The graphical user interface of the HP CE system is designed 
particularly to address the following three objectives; 

• Visualization of a programmable but automatically running 
process* as feedback to the user 

• Context dependent or function-related access to specific 
settings or value groups 

• Manual control of specific functions for which direct, trigger- 
ing is impossible or unreasonable in automatic operation. 

Visualization means not only the extensive but clear repre- 
sentation of as many values, activities, or processes as pos- 
sible, but also the ability to simulate a programmed method. 
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Development of a Common ChemStation Architecture 



the HP CE user interface is based on a common HP ChemStation architecture. 
The architecture and many software components are shared with C hern Stations 
previously rtevelopen for other analytical techniques. For example, because most 
of the HPCE ChemStation functional r.y is identical with the high-performance 
Jiqurd chromatography (HPLC) ChemSiation {automation, data acquisition, process- 
ing of measured data from the detector, and reporting), about 8D% of me HPI C 
ChemStation code ^as reused, This article describes the evolution of this com- 
mon software architecture and the core software components 

The lemi C hem Sicilian was created tu desenbe tfie use uf a workstation as a tool 
for an analytical chemist, independent of the analytical technique, trie user works 
with a ChemStation to conuol the analysis system, acqufre measured data,, pro- 
cess the data, and create the analysis report. In addition, these complex functions 
must be fully automated tor unattended operation. As PCs became very popular 
for the chemist's desk as well as in the analytical laboratory, HP product genera 
tion organizations, together with a system' development group, defined the follow- 
ing obj actives: 
* Develop a ChemStation architecture hased on the Microsoft-*) Windows platform 
» Develop reusable components from which various products can be assembled. 
■ Develop selected architecture-neutral components to be used for othe* data sys- 
tem platforms (e.g., UNIX* system-based workstations! 

The architecture for the C hem Stat ions is based on the available Windows technol- 
ogy, The development environment is hased on the Mi cm soft development tools 
(C, C++, MS foundation classes, etc.). Both the Windows platform and the envi- 
ronment have evolved significant^ during the last couple of years. 

Because the common software components were developed by an international 
team, an appropriate infrastructure was set up to support the engineers working 
at two sites, one in the U.S.A at Wilmington, Delaware and one in Waldbrunn. 
Germany, A history management system IHMSI, telephone conference equipment, 
smafl decision making groups, and system huild processes were defined and 
implemented. The product development program was set up sn that the software 
development groups were not isolated from the instrument development groups. 

The infrastructure as it exists today is much different from the way it was defined 
in the beginning As we learned how to deal with such a complicated environ- 
ment, we went through several steps with the infrastructure and the organiza- 
tional structure to make sure that the variuus software product generation groups 
were linked together 

The architecture and the development of the ChemStation products also went 
through several evolutionary steps. We always focused on clear product examples 
during the development of the core components. This approach made sure that the 



software development met the instrument requirements fur the various analyical 
techniques. We also had to mamtarn the architecture and the core components 
according to the fast-changing Windows platform technology 

The first step was to ml reduce software products for HPLC, HPCE, and U Wis 
instruments. All these software products were built on the available common 
software components. As an example, the analytical language processor, a BA 
SlC-like language, is used in all the products as a common key component. In a 
second step we went further and built one core software product supporting 
HPCE, GC, HPLC, and analog-to-digital converters "Plug and play" modules spe- 
cific to varrous instruments and analytical techoiones can he added to the core 
software product. This is the basis for the recently introduced muhitechnique 
ChemStation, which provides control, automation, and data handling for op to four 
GC, LC, or CE instruments aod 00 optional a na I og-to-digita I interface. This product 
is always delivered with the core software and an individual module for one spe- 
cific analytical technique. If the customer waots to add another instrument, either 
for the same analytical technique or to combine techniques (for example, HPLC 
with CE|, another module can be ordered and installed to work with the core. 

Tins approach is very efficient and highly appreciated by our customers and field 
people. If the customer knows how to operate one product it is easy 10 operate 
the ChemStation for another analytical technique. The customer can conceri Irate 
on the analytical technique and afways finds the same user interface. Other 
technrques, such as UV/Vis, STC. and so on. share all the common components 
from the core and therefore are on the same architecture. 

This approach has resulted in a very high reuse level — between G5% and 
85% — and ensures that all the products meet high quality standards with a rea- 
sonable amount of testing and software validation effort 

Development of the common ChemStation architecture was only possible through 
the involvement and cooperation of many people Throughout various HP organiza- 
fioos, who deserve a great deal of credit for these achievements. 

Herbert Wiederoder 
Section Manager 
Waldbronn Analytical Division 

Microsoft is d U.S registered trademark of Microsoft Corporation 

Windows is a U.S. trademark of Micros oh Corporation. 

UNIX is a registered trademark in the United Slates and other countries, licensed exclusivesy 
through X/Qperr* Company Limited. 

X/Open is a registered trademark, and the X device is a tracemaik. of X/Qpen Company I im- 
ired in die UK ard other countries 



Simulation is an advantage when, for example, a process 
that will run for a lonj* lime needs to be checked quickly for 
completeness and consistency, or when a method is being 
edited whose execution would not be possible given the 
present state of the measuring device. 

User Interface 

The HP CE ChemStation has one EXE file and one top-level 

rw, Including the command processor. The top-level 
window con tains child windows that are activated on user 
request. A slants window and the online diode array detector 
plot window are Shown by default. The top-level menu is 
user-definable and supports additional short menus. 



As the name capillary electrophoresis indicates, we are deal- 
ing with an analytical measuring method taking place in a 
capillary with the help of an electrical voltage. The capillary 
is selected by the user based on specific criteria and is reeled 
up in a cassette w T hich is then insert ed in the measuring de- 
vice. A picture representing the cassette forms the center of 
the top-level window 7 of the graphical user interface (see 
Fig. 1). 

In the lop-level window, the state of the IIP CE instrument is 
shown. Any important information is obvious at a glance. In 
accordance with the setup in the instrument and following 
the function as it is seen by the user, the respective functional 
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elements are arranged around the cassette. The user can 
immediately associate functional modes with the stylized 
pictures and thereby get a clear impression of the process 
and present status even without having much experience. 

Each group of functions is represented by an icon or symbol 
showing the curreni stale A user who has a specific inten- 
tion can selecl lite component on tlie graphical interface 
that comes closest to it. If the mouse pointer is clicked on a 
cmipoiionl, a pop-up menu field appears close by, listing the 
functions linked to I he component. In the case of the detee- 
tor, for example, the pop-up menu offers lamp on/off or 
wavelength selection. When the battery icon is clicked, a 
pup i if! menu of electrical parameters shows up (see Pig- 2). 
A specific icon in the menu field (the book symbol) immedi- 
ately shows whether an action results in the modification of 
the method. 

Fig. \i shows the layout of the top-level window. Wherever 
possible, a combination of analog and digiial display was 
chosen. Analog display facilitates the quick qualitative grasp 
of data by the human mind. Precise representation is real- 
ized by the additional digital display. In the analog display of 
tin' elecirical parameters, ft a example, bar charts make 
stales quickly visible to the user without too much thinking. 



Fig, ft, BepteniahBfienl sy.~, • 
displays^ (a) No pressure in sys* 
tern, (h) Prrssurv al capillary, (c) 
Vial being emptied n- waste &G 
vi;ii being filled from resen 



For example, one can recognize at once whether the pro- 
grammed value has been reached and how far away the ac- 
tual value is from the system limit. These filings could be 
conveyed with the digital display alone, hut would be much 
harder to comprehend. 

Status Line 

In ike lefl corner, the topmost line shows the current state 
of the instrument ( Kig. 1 1 1 Afferent colors are used to help 
the user visualise the instrument state. For example, green 
is used for all ready, blue for running, yellow for not ready, 
and red for error stales. Text matching Hie respective state 
is displayed in the field. To the right, there is a ran indicator 
in which an animation starts running as soon as an analysis 
begins. The animation quickly provides optical feedback 
that an analysis is in process without requiring the checking 
of different states beforehand. 

A clock in the status line displays I he times for different 
actions. It is not a 24-hour clock, tail displays the time 
elapsed relative to the total time, A full turn of [he chick 
symbolizes Hie total lime of a process. The precise elapsed 
time is displayed digitally below the clock. The clock runs 
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Fig, 7. Runbar 



backward for actions taking a fixed period of time (e.g., 
flush for 3 minutes), thus showing the remaining time of the 
action. For procedures containing programmable actions 
(e.g., run), the clock runs forward, showing the time elapsed 

Measurement Unit 

The cassette with the detection unit is the core of the user 
interface and the instrument (see Fig. 5). in the center of the 
user interface, everything in direct connection with the cap- 
illary, and thus the separation, is displayed. One can see 
whether the lamp is switched on or off, whether voltage or 
pressure is applied to the capillary and which vials are in 
contact with the capillary. The temperature inside the capil- 
lary cassette can be read. The pressure bottle symbolizes 
the pressure system. The black connecting lines show the 
existing connections to the capillary or the vials. They 
change to red when power is applied, to blue when com- 
pressed air is supplied, and to pink for vacuum. The pres- 
sure applied is displayed in the pressure bottle. Thus, it is 
quickly visible what is switched on at a given point in time. 

Replenish m ent 

The replenishment system display shows which vials are 
presently filled or emptied. For examples, see Fig. 6. Pressure 
on the lines is shown in blue, vacuum in pink, 

R unbar 

The runbar (Pig. 7)is designed to provide an overview of the 
entire analysis. With its help, the user can see how far the 
analysis has proceeded. An analog bar displays the relative 
durations of the individual parts of the analysis in different 
colors. 
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Fig. 8. Electrical parameter display. 



The runbar gives the user the following information: 

* Which step is presently in process (colored parts) 

* What fraction of the total time is consumed by each 
individual step 

* Completion of the analysis (overall time) 

■ Time since the start of the analysis (triangular arrow) 
Position of the current step in the analysis 

* Individual steps executed 

* Whether parallel replenishment is active. 

This helps the user get a clear overview of the state of the 
analysis. A short glance at the analog display suffices for a 
qualitative impression. 

Detector and Electric State 

The current values of the detector and the electrical unit are 
shown on the left side of the user interface. In the electrical 
parameter display (Fig. 8) voltage, current, and power are 
displayed and can be controlled, Whether voltage, current, 
or power control is enabled is indicated by a bold digital 
numerical value and a black bar (actual value) obscuring the 
corresponding green bar (reference value). The camera sym- 
bols show where data is being recorded. The display of the 
electrical values is located opposite the battery symbol. 

The detector settings are shown in the user interface oppo- 
site the detector symbol (Fig, 9). Here, the settings for all 
channels can be read. Channels for which data is being re- 
corded are indicated by camera symbols. 

Online Plot Area 

In the online plot area (Fig. 10) are two signal windows in 
which the signals from the detector or the electrical unit 
can be displayed. The displays show the values presently 
measured. 

Upon the click of a button, either plot window can be en- 
larged so that more precise values can be read and the curve 
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trace can be better followed Clicking on the enlarged signal 
enables tracking of the signal curve and precise determina- 
tion of individual values 

Simulation of a Method 

Simulation is used for verification of a programmed method. 
The complete sequence of a method can be shown in the 
user interface. All actions are displayed as if the instrument 
were running. The simulation is software-based and does 
not require any hardware, 

When i he simulation is initiated, a control dialog appeal's 
which facilitates navigation through the simulation Moving 
forward and backward in single steps is possible, With eadN 

step, the corresponding mm :ii which die action is executed Is 
displayed. Tlie simulation only shows steps i -jinsinu a change 
of state. A nm button makes contmnous m epping ] m >ssiblc. 



By simulation, the user can verify the complete sequence of 
a method before the actual am to make certain that Hie 
method is error-J ree Especially in the case of methods with 
long tun limes, il makes sense to check in advance whether 

■ i > thing will go as planned or if program faults have 
slipped in. The user can also see in advance how long the 
at in lysis and the individual steps will take, and whether 
there are any conflicts. 
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Reproducibility Testing of the HP CE 
Instrument 



The final chemical test developed for the HP CE instrument implicitly 
checks various instrument functions by determining the reproducibility of 
migration time and peak area measurements for well-defined chemical 
samples The injection type was selected by testing four different types in 
a series of reproducibility tests. The final test can be used in production, 
at a customer site, or for teaching CE basics. 

by Ulrike Jegle 



Instrument tests are indispensable for quality assurance of 
highly integrated systems. Only tests of the whole system 
guarantee a quick setup of l he instrument at the customer 
site and a minimum failure rate in daily use. All hough I he 
Components of the IIP CE instrument are tested separately 
for functional it, v t the integrated system has to be tested un- 
successful coexecution of all built-in elements. Besides 
fund iuuality tests, the procedure for the HP CE instrument 
includes measurements of delec tor properties (noise detec- 
tion) and reliability determination u ill tin a reasonable lest 
lime. 

For the final test of the IIP CE instrument, a rest procedure 
was implemented thai exercises the instrument under real- 
life conditions- A chemical test procedure had to be devel- 
oped for I his. Besides testing the instrument functions, other 
important aspects had to be considered for this chemical 
test, The final test had to be fast and easy to exeeul e and 
use commercially available and nontoxic chemicals, hi addi- 
tion, it was desirable that the test he usable as a customer- 
si I e lest, Teaching aspects were also considered in choosing 
the test separation procedure, so that the test could be used 
to show the basics of the relatively new eapillaiy electro- 
phoresis technique. The advantages of dual use of the final 
test are cost reduction and, more important, the possibility 
of obtaining comparable results in final test and Customer 
lesis for validation reasons. 

Test Description 

For the chemical final test, bare fused silica capillaries are 
used to separate a set of three \itamins — tliiamine [positively 
charged), nicotinamide (no Charge), and nicotinic acid (neg- 
atively charged) — using a 20-mM sodium phosphate buffer 
of pH 7 as run buffer. The vitamins come in a lyophilized 
mixture that has to be dissolved in water before use. 

To complete a high number of runs within a reasonable test 
time, short preconditioning and separation intervals are 
required. Short run times can be achieved by high 
electro-osmotic flow and high analysis temperature. 





Table 1 


Conditions for Chemical Final Test 


Capillary: 


Bare fused silica 




Total length: 48,5 cm 




Effective length: 40 cm 




Inner diameter: SQ um 


Conditioning: 


Plush: 10 min 1M NaOH 


(pret real ment before 


Flush:2mm0.1MNaOH 


first use) 


Flush: 5 min run buffer 




All sleps canied out at G0 C C 


Run Buffer: 


20 mM sodium phosphate pH 7 


Solute; 


1 mM each thiamine, nicotinamide. 




nicotinic acid dissolved in water 


Pre c on diti oning : 


Flush: 2 min 0.1M NaOH 


(before every run) 


Flush: $ min run buffer 


Separation: 


Voltage: 25 kV 




Polarity: positive 




Temperature: 4CTC 


Detection: 


Wavelength: 215 nm 




Bandwidth: 16 nm 




Reference: off 


Data Analysis: 


Initial threshold: -2 



To guarantee a high eiectroosmotie flow, the capillary is 
pretreated before its first use with 1M sodium hydroxide at 
60°C. Treatment of the fused silica wall with 1M sodium 
hydroxide solution at an elevated temperature results in a 
maximum of charged silanol groups on the surface, which is 
the basic prerequisite for high eiectroosmotie flow, A sec- 
ond rinsing step consisiing of a 2-mmute flush with 0.1M 
sodium hydroxide and a 3-minute flush with phosphate 
hi ilfer is added to be as consistent as possible with the pre- 
conditioning step used before every nm. The capillary 
conditioning with 1M NaOH is carried out once before the 
111 st use of the capillary for the final test and is not repeat ed 
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Table IE 

Factors Influencing Migration Time Reproducibility 

Instrument Parameters 

< Yu is tarn Cassette Temperature 
Peltier Element 
Fans 

Constant Separation Voltage 
Power Supply 
Connections 

Constant and Reproducible Liquid Level in Replenished 
Vials 

Pressure System 

Valves 

Tube I Jonnectious 

Chemical and Physical Parameters 

Elect roosmotie Flow (Zeta Potent ialt \ 
Fused Silu a Material 
Bulk 
Surface 
Buffer 
pll 
Ionic Strengl h 

Viscosity' { strongly temperature dependent) 
Equilibrium State 
Prec ondilioiung 
Buffer Type 

t Zeta potential is the potential difference between tfie capillary wall surface and tie bulk 
solution 

during l.)u j test. The preconditioning is a Hush step carried 
oni before every single run. Here weaker conditions are 
used: 0.1M NaOII and nm buffer. 

hi addition to creating a high elect ruosmolic flow, the nm 
time of the vitamin separation is optimized by using a nm 
temperature of 40°C even though this impairs t lie separation 
efficiency. Increasing the temperature results iti a decrease 
ui buffer viscosity of 296-per degree. This causes higher How 
velocity of the nm buffer. Tin preconditioning and scpara- 
lion conditions are listed in Table L 

It has been shown (sec "I in <f Tesi and Results" below) that 
the test mixture of thiamine, nicotinamide, and nicotinic 
acid can be separated with high reproducibility of migration 
time arid peak area under the conditions listed in Table I. 
Typical relative standard deviation values calculated for six 
runs were below 1% in migration time and below 3% in peak 
area. 

Test Parameters 

The metrics Collected in the final lest are (he reproducibilities 
(relative standard deviations Df the measure* I migration 
times and peak areas of Hie wen-defined vitamin samples 
The instrument parameters implicitly tested by determining 
time reproducibility are the Stability of the cassette 
temperature and the accuracy oflhe replenishment system 
The entire injection and detection system ih tested by l he 
^■termination of area leprodnnhiliiy ( tf course, the basic 
instrument functions like (ray and lift movements need In 



work correctly during the final test for any results to t>e 
obtained 

Time and area reproducibility depend not only on instrument 
parameters* but also strongly on chemical and physical in- 
fluences For testing instrument functions, the test tool, 
which is the vitamin analysis in this case, should have 
constant parameters, ideally with HO f'ailuo 
However, variations and failure- tical systems can- 

not be excluded. 11 ie refore. failures and their impacts have 
to be well-known to distinguish between chemical and 
instrumental failures. 

Tables II and III show instrumental and chemical/physical 
parameters having direct influences on migration time and 
peak area. 

lime Reproducibility 

The must important parameters influencing the migration 
lime reproducibility of separations carried otn in bare fused 
silica capillaries are variations in the eleetroosmotic flow 
and the degree of equilibration of the silica surface with 
respect to the buffer 

II' Srnoluehowski equation describes the parameters deter- 
mining t he elect roosmotie mobility: 3 



Veof = — 



*&A 



= ueofE* 



where Vgop is the eleetroosmotic velocity, eo is the permit- 
mi ty of vacuum, r t is the permittivity of the electrolyte solu- 
tion, c is the zeta potential, n. is the viscosity of the electro- 
lyte solution, ueof fe fee eleetroosmotic mobility, and E is 
the electrical Held strength. According io the Smoluchovvski 
equation, the eleri r h ismoi ie How is influenced by the zeta 
potential, which is affected by the properties of the fused 
si I mm material. The eleetroosmotic flow is also affected by 
the composition and pll of The buffer and the precondition- 
ing so hitiom 

Table III 
Factors Influencing Peak Area Reproducibility 

Instrument Parameters 

Injection System 
Pressure 
Valves 

i letection Sysiem 

Chemical and Physical Parameters 

Expulsion of Sample 
Single-Step Injection 
Injection + Postinfection 
Voltage Ramp 

Reproducibility of Injection Plug 
Injection volume 
Zero injection E£f©d 

Time Reproducibility 

t ahsorbunee 
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pH and Concentration of Conditioning and Preconditioning 
Solutions. Fused silica capillaries fflte dnwata under highly 
dehydrating conditions of high temperatures {around 1000 ■"(_') 
and dry inert gas (argon J, When a capillary is uvaied with 
aqueous conditioning solutions the first time before use, 
silanol groups me Created, a gel layer at the silica/Liquid inter- 
face is developed, and I he electrical double layer is built up 
(in the case of untreated fused silica, this consists of nega- 
tive charges on the capillary surface and positive charges in 
the liquid near the surface, as explained in Ihe article on 
page 6). 

In general, NaOH flushes ai elevated lentperaturesare used 
for conditioning, resulting in a max! muni surf are density of 
charged silanol groups, NaOH is known ro dissolve fused 
silica strongly and is therefore expected to have the best 
cleaning effect on the surface. On the other hand, the use < if 
NaOH is a very severe method that is expected to leave a 
rough surface which could create electroosmotic flow varia- 
tions and local eddies. This can decrease the separation effi- 
ciency,-* The impact of NaOii is not entirely dear at this time 
and Ihe subject is still under ongoing research. 

Acidic solutions like phosphoric acid are also used for 
conditioning, especially when the subsequent separation is 
juried out in acidic buffer media. 

Before every nm, capillaries are uoru tally preconditioned 
for the subsequent separation for cleaning arid equilibration 
purposes. This step can consist just of one buffer Hush bul 
oil en includes several steps with different flush solutions. 
Preconditioning solutions that differ from the run buffet 
influence the status of the surface. For example, w r hen 
NaOH flushes followed by run buffer Hushes are used for 
the vitamin analysis, the resulting elect roosmotie flow and 
surface condition are different than if only run buffer is used 
for preconditioning, hi general, the electroosmotic flow is 
higher using NaOH Hushes, In such cases, the surface is in a 
quasistable state and not in an equilibrium state, 

Buffer pH, Concentration, and Type, The separation buffer af- 
fects Ihe density of charged groups and the electrical double 
layer at the surface as well as the thickness and composition 
of the gel layer 

The type of buffer determines the equilibration behavior of 
tire surface and the buffer. Phosphate buffers especially are 
known to have a slow equilibration behavior because 
phosphate migrates into and out of the bulk silica, continu- 
ously changing the zeta potential of the w r all as long as 
migration takes place. ^ 4 Using phosphate buffer at low pH 
after initial NaOH cleaning, surface equilibrium adjustment 
times over 20 days can be observed. For citrate or borate 
buffers, the migration mechanisms as described for phos- 
phate are not known. Equilibration seems lo occur faster 
with those buffers. 

Fused Silica, The manufacturing of capillary material and the 
process of capillary production are expected to have an im- 
pact on the zeta potential of the surface. The type and mag- 
nitude of the influence of these parameters have not been 
clarified yet and are still under ongoing research. 



Area Reproducibility 

Besides t&e reproducibility of the injection pressure and 
voltage, which are instrument parameters, the type of injec- 
tion procedure is one of the important factors that determine 
area reproducibility. The zero injection effect (explained 
later j lias a similar influence on area reproducibility. 

Type of Injection, The most common injection procedure is just 
to inject a sample plug of a certain length either by vol rage or 
pressure. For better reproducibility, the sample Introduction 
< -an be combined with an additional buffer plug injection 
(post inject ion) with or without a voltage ramp to start, the 
separation. 

Theoretically, the following considerations apply. When a 
separation voltage is applied to a capillary after injection, a 
heat pulse is created. This results in the volume expansion 
Of the buffer and sample in the capillary. Volume expansion 
causes liquid to be pushed out of the capillary. If the sample 
plug is located directly at the end of the capillary, some sam- 
ple is expelled. This process is a cause of low reproducibil- 
ity. Under the conditions in wmich the vitamin analysis is 
carried out, this effect has been calculated to have a minor 
impact. ^ Experiments (described later) have shown that 
the geometry of the capillary end is much more important. 
Even if the capillary has an accurately cut rectangular edge 
and the polyimide is burned off at the ends, the microscopic 
edge properties differ from capillary to capillary. In addition, 
physical interactions between the surface tension of ihe 
liquid and i he properties of the inner and outer surfaces of 
the capillary contribute to the inconsistency of injected and 
expelled sample amounts. These deficiencies of the capil- 
lary ends can be overcome by (he introduction of a buffer 
plug after the sample plug, as confirmed in tile experiments. 

Zero Injection Effect, All injection procedures ate subject to 
the zero injection effect. Zero injection is caused by capil- 
lary forces when a capillary is immersed in liquid. Reproduc- 
ibility is mainly affected by the interaction of the surface 
I ensiou of the liquid and the capillary inner and outer sur- 
faces, and by the inner diameter and length of the capillary. 

For a capillary with an inner diameter of 50 urn and a total 
length of 48. is cm, the amount of zero injection plug cart be 
expected to be around 0*2 mm. This amount is added lin- 
early to each injection plug, The influence of the zero injec- 
tion effect decreases with increasing injection plug length, 
but increasing the injection plug length strongly decreases 
the efficiency of every peak. Efficiency and zero Injection 
are opposite effects. A general rule says that the injection 
plug length should not exceed 1% to 2% of the total capillary 
length, 1 

Reproducibility Tests 

To examine Ihe exact influence of zero injection and injec- 
tion type, a test suite was set up consisting of four different 
three-vitamin analyses. The conditions, except those for 
injection, were held constant and were the same as used in 
the final test procedure. The exact injection conditions are 
described in Table IV. Fig. 1 shows the uncorrected absolute 
areas of all three \itamin peaks (thiamine, nicotinamide, and 
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nicotinic acid). Fig. 2 shows the relative standard deviations 

of the peak areas shown in Fig. 1. The method numbers in 
Fig. 2 correspond to those in Table IV. Six repel it io: 
each method {injection type) were carried out for Hie rela- 
standard deviation calculation. In addition, the lesi set 
«il t he four injection types was repeated lour times to show 
the reproducibility of each. 

As expected, die highest relative standard deviation was 
calculated for zero injection. Typical relative standard devi- 
ation values were around 13% to 20%, Comparing the test 
conditions, the best reproducibility, with relative standard 
deviation values smaller than 3% in ,\\\ repetitions, was real- 
i i [ using the post injection procedure (method 1). As ex- 
pected, postinjection was the best means of overcoming rhe 
disadvantageous impact of the many di Unrein forces aJ the 
capillary ends. Using no postinfection hut a linear voltage 
ramp of 20 kV in 2.4 seconds led to a failure range of around 
■".";, relative standard deviation. As expected from theory,"'- 11 
the voltage ramp showed minor impact in that case. 

Final Test and Results 

The final test procedure was chosen on i In- basis < >f die above 
tests and considerations to minimize the effects of the factors 
ib;ii degrade migration time and peak area reproducibility, 

A l l ht i beginning of the lest procedure the capillary is 

Unshed wiih 1M and (MM Na< HI and run buffer irapillary 
conditioning), nidi -prudent of whether the capillary is being 



used for the first time or has been Sti >rei 1 jit buffer for a 
longer period of time. Afterwards, 25 vitamin separations 
are carried out for each test. The first IS runs are for equi- 
libration of die capillary to an acceptable degree. The nine- 
teenth run is used as a calibration run for the reproducibility 
report From the followjng six runs, calculations for time 
and area reproducibility are done. Injection is carried out in 
a two-step procedure consisting of a sample injection by 
pressure followed by a postinfection of run buffer, also by 
pressure. From a statistical point of view the total number 
of test runs ; 2" i gives a high enough probability that any 
instrument failure will be discovered. 

Time Reproducibility. Why new capillaries have to be condi- 
tioned before first use can be directly inferred from the 
theoretical aspects described above, (leaning and the rre- 
atJOll of high electroosmotic flow r are the main reasons Bui 
the capillary conditioning with IM NaOH also lias to be car- 
ried rnii for capillaries stored in buffer. Theory leads to the 
expectation that storage in buffer over several days should 
result in an equilibrium stale of the surface- However, if the 
capillary is used direclly after storage, a bigger and longer 
electroosmotic flow drift during teal separations is observed 
compared to the drift obtained after the conditioning method- 
wiih IM NaOH* Probably, the preconditioning with u.lM 
Vj| Ml before every nui destroys the equilibrium reached dur- 
ing the cnnlncl wiih biiJTi-i nnly. Bui elimination of the I MM 
NaOH &ushes before every run leads to a worse peak shape 
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for thiamine after a certain number of runs. In our tests, the 
best stability was reached by carrying out the capillary condi- 
tioning method once before the si nil of every test, followed 
by analysis procedures consisting of preconditioning with 
ii IM \aOH and then run buffer, ami llualh separation. 

Even when this procedure is used, the capillary needs 15 to 
2Q runs uniil stable enough conditions are established 60 en 
sure highly reproducible migration times. The procedure 

was verified in a series of five test sequences carried mil 
using different Capillaries, Figs. :!lo 5 show the migration 
times of the three vitamins thiamine, nicotinamide, and nico- 
tinic acid plotted against the run number Nicotinamide, the 
non charged molecule, is only transported fey electro osmotic 
flow. Therefore* this molecule can be used Tor the deter- 
mination of eiecimosnioTie flow. Figs- '■■> to 6 clearly show 
variations within the first 15 in ^tl inns which led to the 



deviations in migration limes ofall three test molecules- The 
impucl ofYlectroosmoiic How on negatively charged ions is 
much greater than On positively charged ions because nega- 
tive ions migrate against the electroosmotic How, so the 
influence of a fluctuating electroosmottc flow is much 
larger. This effect can be also deduced from Figs. -1 to 5, 

Figs. 3 to 5 also show a comparison of the migration times 
Of different sequences run with different capillaries. Differ- 
ences between absolute values of electroosmotic flow for 
different capillaries are obvious. Electroosmotic flow varia- 
tions up to 7% from capillary to capillary and up to 20% from 
batch to batch of hare fused silica could be observed This ES 
a well-known phenomenon described in the literature. 7,8 

I"]i rii 10(H) vitamin analysis n.m* ran ho carried out with a 
bare fused* silica capillary treated as described above. In 
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Run Number 
Capillary 1 

Capillary 2 

Capillary 3 

Capillary 4 

Capillary 5 

genera^ a long-term drift to higher eleetmosmotie How has 
been observed in long sequences. 

Area Reproducibility* The injection procedure in the final test 
consists of two steps: the sample injection using the pres- 
sure mode is followed by a posl inject ion of run butler by 
pressure as well. Both the sample plug and the buffer plug 
have a length of 3 nun. This plug Length is a compromise 
between minimizing the zero injection effect and maximiz- 
ing separation efficiency. 

Anoi her very important aspect Porarea reproducibilKy is the 
choice of i he out lei via] during the injection procedure. The 

outlet borne vial, which is Ihe run butler viai for the separa- 
linii. has In tie in position at the Stat I of sample insertion and 
must tint be changed after sample injection. If the capillary 



Fig. 4. 

tinamkte during t i l- finals I pro- 
lure for the HP GB insLruiuHii 
The five plots ara feff five differ 

outlet end is taken out of one vial and immersed into an- 
other, physical forces like surface tension of the aqueous 
liquid, inside and outer surface properties of the capillary, 
and pressure differences can cause the contents of the capil- 
lary to move. This can lead to either introduction of air or 
expulsion of liquid (sample) at the inlet side, the other end 
of the capillary. Like zero injection, this effect is hard to cun- 
Irol and results in very high t Bailing) relative standard devi- 
ations. This problem is avoided by positioning the outlet 
home vial for all separations before injection. 

Acknowledgments 

The author wishes In thank Dieter I lass from quality assur- 

anceand* >SW&id Walezak and I I rich linger from production 



10.0 
9.5 
90 

8.5 -f 
1 8.D 




10 



l'j 



n 



Run Number 



Capillary 1 
Capillary 2 
Capillary 3 
Capillary 4 
Capillary 5 



Fig. 5. Migration Tim 

nnii- add liunti;; the final be I 
procedure for the HP i IE tnstra 
merit, Th€ Sve plots awn Foi m- i 
differenl capillaries 



Jimr L9S85 Hewlett-Packard Journal 55 



)Copr. 1949-1998 Hewlett-Packard Co. 



for their support in obtaining the measurements. Thinks 
also to Paul Wood for reading the manuscript of this article. 

References 

1. LXN. Heiger, Htyh-PerfQWrtitTice t 'GpiUtivy Ef&ct^phQrWi$--Att 
Introduction, Hewlett-Packard Publication Number 12-5091-0 in* IE. 

2. S. fljerten, ''A new type of nil- and detergent -stable coaling for 
elimination of electroendosmosis and adsorption in (capillary) elec- 
trophoresis/' Electrophoresis. Vol. 14. 1£9®, p. 390. 

3. R.M. MHonnick, "Capillary Zone Elect rophor* nr Separation of 
Peptides and Ptfi&eijis Using Low-prl Buffers in Mollified Silica Cap- 
illar k - a,* Anal y i i i a / 1 "hn n i at $ Vol 00 , 1 9 88. \ , . . 



■ 1. R.M. Mitsynk, "Mechanism oliln Reaction Of Silica wfth Pho.sjilm- 

lji Ai id hi .\i [i li ■■ >UB Solutions, Riisshut JoUTTUli (tf f>tonjttri*( 
riwistrfj.WA. 17, 197^, p. 171. 

5. J.H. Knox and K.A McCormack. Temperature Effects in Capillary 
Electrophoresis. Part 1." Chffim&t&QT&phiO, Vol. :}8. \WM, p, 207, 
& J.R Knox and K.A. McCormaek, "Temperature Effects in Capdl.iT> 
Electrophoresis, Pad 2." ihi<t, fj r 215. 

7, P Coufal, ct al, The MagEiitudc ;jrid Reproducibility on he VArr- 
iroosinotk' Flow in Silica Capillary Tnhrs."' Journal of Hifitb-ReSGlv.- 
Hon i bro7}iaiQ$r&phy f VoL 17. 1H04, p -J25. 

J R Coufal, 'The Magnitude and Reprpdw ihility at the Electroos- 
raotic Flow in Silica Capillary Tuhes," Ititt-rnttthmat CoiifwenM "J 
IdGada, L9&3 



56 Jung 199S He i \vic u-Pm kard Journal 



)Copr. 1949-1998 Hewlett-Packard Co. 



The Impact of Column Technology 
on Protein Analysis by Capillary 
Electrophoresis: Surface Coatings and 
Analytical Approaches for Assessment 

To avoid unwanted Interactions between proteins being analyzed and the 
surface of the fused silica CE capillary, the surface must be deactivated. 
Four approaches to surface deactivation for protein analysis are 
presented. A method for determining the extent of protein adsorption is 
discussed. 

by Sally A* Swedberg and Monika Dittmann 



In 1986, Henk Lauer and Doug McManigill of HP Laborato- 
ries published an article 013 ttfe capillary etectropb* tresis i >!" 
proteins on untreated U\xw\ silica. 1 In an attempt to solve 
the problem of untoward interactions of protein solutes with 
I lie high-energy fused silica surface, they took the approach 
of using organic additives in the elcetrolyic solution in deac- 
tivate the surface dynamically. They concluded that the ap- 
proaches taken for dynamic deactivation were limiting for 
protein analysis in genera] fera variety of reasons. In con- 
clusion, May wrote (hai "... rhe developmeni of chemically 
honded wall deactivators remains an important topic* 

To give some insighl into the impaj I oj i his study, it isim- 
portanl to understand what impact the CE project at HI' 
was perceived io have ai ihis time. Because of a numbej oJ 
publications hy.LW. Jorgenson and others,* CE was 
thought 10 have the potential to revolutionize the wsy anal 
ysis of biopolymers would be done in the future, Therefore 
protein analysis by CE was Considered exliemeh si^nifi 
cant. The conclusion of Lauer and McManigill that still 
more wm k on die capillary chemistry needed to be done lo 
provide routine analysis across a ran^e of protein samples 
drew new attention to nsonreli on coating Chemistries lrn 

surface deactivation of fused silica capillaries, 

This article describes research ai IIP Laboratories and th< 
Waldbrortn Analytical Division on coating chemistries ef 
feetive for protein analysis by CE. 

In Search of the Biocompatible Surface 
Based on biophysical studies of the interactions of proteins 
at Interfaces, ii is known that one attribute of a surface thai 
is necessary for reversible protein/surface interactions i' 1 
occur is that the surface must be highly hydrated. Though 
this condition is necessary, il is not sufficient. Further, 
selection Vales for surface attributes that promote ie\. 
ible. low protein/surface Interactions areitOl well -tinder- 

stood, 'fin" complexity ol the heterogeru s polymer 

known as I he protein makes rational approaches to such 
Selection rules unite di ("fin ill. In addition, flie Gibbs free-en- 
i-v.ty interaction ienn for protein/surface intemctidna is also 
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dependent on the solvent conditions used during analysis, no I 
just on the chemistry of tJie surface alone. 

Solving the problem of untoward protein/surface interactions 
requires both insights into biocompatible surfaces and a 
means for assessing the best solvent conditions in conj mic- 
tion with a suitable surface. The next section gives an over- 
view 7 of some of the w T ork done at IIP Laboratories on surface 
coatings for analysis of proteins by CE, Then, work done aj 
the Waldbroun Analytical Division to develop an analytical 
tool for assessing I he extent of proie in/surface inleractions 
under various conditions is described. The specific example 
of a very promising surface, polyethylene glycol, is presented. 

Surface Modified Capillaries 

Arylpentafluoro Modified Capillaries, Fig. la shows the separa- 
tion of seven protein standards on an arylpentafiuoio-Uealed 
surface. This was one of the In^t sttrface modifications died, 
and was based on attributes that were known from affinity 
and hydrophobic interaction chromatography (HIC) to be 
d es i tab 1 e to r i ed u c In g prot ern/siuface interact! ons . ; ] Shown 
in Fig. lb is the control, in winch the same protein sample 
was run on a fresh fused silica surface. This separation, 
which is the result of untoward protein surface interactions, 
is illustrative of the problems frequently encountered in the 
analysis of complex samples of proteins by CE on unmodifird 
fused silica surfaces. As can be seen from I lie conditions, 
fairly high concentrations of phosphate buffer are required 
for this analysis. The second paragraph below discusses how 
die prolonged contact of phosphate with tire silica surface 
produces an interesting surface modification thai is also pro- 
tein-compatible. 

Bovine Serum Albumin (BSA) Modified Capillaries. Fig. 2 shows 
examples of protein samples analyzed by both CE and high- 
performance liquid chromatography '' HPLC ). [ There are I wo 



hueresiing Features of die BSA surface for the purpose of 
protein analysis. First, it is a highly hydrate d surface, which 
in part explains the low so rp live nature of a variety of pro- 
teins to this surface, even at very low ionic strength of the 
buffer (10 mM citrate, in these examples). Second, since 
proteins are amphoteres, it displays asjgrnodal eleciroos- 
motie tlow profile as a function of pH (Fig. 3 }. It is there- 
fore possible to time both the magnitude and the direction 
of the electroosmotic flow as a function of I he pH of the 
solution. The impact of this feature is demonstrated in 
Fig. 3. 

Phosphosilicate Modified Capillaries. In 1988, McCormick 
demo nst rated that with prolonged contact with phosphale 
buffers, a stable phosphosilicate surface is formed.** He 
demonstrated that successful protein separations could 
be done in fused silica capillaries after the phosphosili- 
cate surface had been formed. His work was done at pH 2, 
which is an undesirable pH for many proteins, promoting 
denaturation and aggregation. Based on his studies, other 
groups have demonstrated that this approach can be used 
across a wide range of pH (Fig. 4}. fM Further, since these 
surfaces form readily, thereby obviating the need for spe- 
cially manufactured capillaries, this is a useful method for 
protein analysis that can be easily integrated into the biosei- 
enee laboratory. 

While physical means for assessing the extent of protein/ 
surface iuleraclions were used in conjunction with these]i 
arations discussed above T rS a more robust approach using 
frontal analysis was developed at WaldbroniL this frontal 
analysis approach was used to assess still another promis- 
ing surface, polyethylene glycol That study is described in 
the following section. 
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highly hydrated OnedassofmatedaJsthal fulfill this condi- 
tion is ihr class tifhydrophilk polymers known as poiyoihyl- 
•ly< -ol polymers. Polypi hylene glycol polymers as surface 
coatings are known to have little interaction with proteins. 8 
Polyethylene glycol coated capillaries have long been avail 
able for gas chromatographic separations. This type ol 
tag was tested at Ws&dbronn for feasibihtj ta the separation 
erf proteins. 

Determination of Protein Adsorption 
by Frontal Analysis 

\ method fchai aHpws direct determination of the adsorption 
of a solute on a surface is frontal analysis. Frontal analysis 
is fssoniialiy a chromatographic method for measuring 
amount 6i protein adsorbed and the strength ol the protein/ 
1 ice interactions, A solution of the protein ol interest is 
pumped through the coated capillary and the breakthrough 
of the protein In mi is observed 0Fig. 5).Theamoun1 nl'pro- 
(.in adsorbed at the surface uiidergiven conditions can be 
calculated from: 



Polyethylene Glycol Surface boatings 
in 1989* i he Waldbrarui Analytical EHvision became involved 
in the development of biocompatible coatings for the! "K sep- 
nraiion ot proteins As previously mentioned a surface thai 
provides reversible proieUi/surface interactions must be 



q(c) ^ c(V f - vVl/A„. 

where q(cj is the amount of protein adsorbed per unit su^ea, 
c is the cpncentratiOTi of protein, \ - is Mm retention volume 
of the protein from (flow rate times retention time of the 
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protein froni j. V r] is the capillary dead volume (flow rate 
limes retention lime of lite marker front), and A s is the 
inside surface area of the t -apillary. 

If q(c) is determined for a number of different protein con- 
cen I rations, am adsorption isotherm is obtained. For many 
solutes, these adsorplion isotherms are of the Langmuir type 
and can Lie fit to the equation: 

q(c) - ac/(l + be), 

where a is die slope of the Isotherm at low concentration 
and b is an empirical parameter. The parameter a is related 
to the retention coefficient k r by the equation k' - afl, wit ere 
$ is the phase ratio. 

If adsorption isotherms of proteins are determined under 
different conditions (temperature, solvents, buffer con cen - 
(rations, etc) conclusions can be drawn as to the type and 
strength of prol em surface interactions. In this regard, 
proper separation conditions can be determined from 
frontal analysis experiments. 

Adsorption isotherms of lysozynie and cytochrome G on an 
uncoated fused silica Capillary at two different salt concen- 
trations in the buffer (0.08M NaCI and 0.23M Nad) are 
shown in Fig, 6. An increase of salt concentration reduces 
both the maximum amount of protein adsorbed at the sur- 
face and the initial slope of the isotherms ai U »\\ \ irutein 
concentrations. This indicates tlie presence of electrostatic 
protein/surface interactions on the uncoated fused silica 
surface that an- suppressed by the addition of NaCI. Fig. 7 
show^s adsorption isotherms oflysozyme and cytochrome C 
on a polyethylene glycol coated capillary with no Si\ i I 
added to the buffer On this surface, the amount of protein 
adsorbed is very small, indicating that this surface might be 
suited for protein separations. An addition of 0.03M NaCI 
completely suppressed protein adsorption on this surface. 

Fig. 8 shows a separation of four proteins that cannot be 
eluted from an uncoated capillary unless a high pll or a very 
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high salt concentration is used in the elating buffer: * tei the 
methylene glycol coated capillary, a highly effi<ieut s^pii- 
ration can be obtained under moderate conditions. 

Further studies concerning the stability of the coating and 
separation of real-life samples are under way 
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A New High-Sensitivity Capillary 
Electrophoresis Detector Cell and 
Advanced Manufacturing Paradigm 

By circumventing laminar flow while expanding the cross section of the 
analyte f this detector cell greatly increases both the sensitivity and the 
linearity of capillary electrophoresis. Manufacturing is made feasible by 
an advanced computer-controlled miniature lathe using machine vision. 

by Gary B. Gordon, Richard P. Telia, and Henrique A.S. Martins 



Capillary electrophoresis (CE) is a powerful and relatively 
new analytical technology used to separate and help identify 
complex aqueous mixtures of chemical and biological sam- 
ples (see article, page 6). However, CE has often been char- 
acterized as a wonderful technology that is scaled too small 
This criticism arises from the practical requirement to use 
very small capillary and sample sizes, which compromises 
sensitivity. Thus sensitivity is often the most important spec- 
ification researchers use when comparing CE instruments. 

Small Capillaries, Big Headaches 

Capillaries for CE are usually 75 micrometers or less in inside 
diameter. With larger diameters, several adverse factors come 
into play. First, for a 0v&\ electrical field, increased diameter 
means more internal heating in the electrolyte filling the 
capillary causing an increased temperature rise. Second, the 
radial thermal conduction path, by which heat is dissipated, 
increases in length. As a result. I he lemperatuie at the center 
of the capillary rises even further. This causes a viscosity 
gradient, which allows molecules of the same species near 
(lie center to migrate faster, thus spreading the bands unnec- 
essarily As a practical compromise, a 50-micrometer inside 
diam e t e r c a] > i I la ry of f e rs a reasonable balan c e b e I w ee 1 1 
sensiti vi ty and reso lull 01 j . 

Sensitivity can be increased somewhat by injecting larger 
samples. But beyond a point, this practice is undesirable 
since it degrades resolution mid broadens the peaks. For 
most users, the width of the injection is purposely kept nar- 
row enough so that its contribution to peak broadening is 
perhaps 10% or less. 

The shape of the peak at the detect or is characterized by the 
mathematical convolution of three contributors: the rectan- 
gular injection plug, the Gaussian impulse response of the 
separation capillary, and the shape of the illuminated vohuue 
of the detector. Each contributors spread can be character- 
ized by its variance, a measure of the square of its width. The 
variance of the detected peak is the sum of the variances of 
the iiu'ection, the capillary, and the detector. 



In practice, a typical injection nught be one millimeter long 
and, when Spread by diffusion during separation, might pro- 
duce peaks around 4 mm wide. Such an injection contains 
only 2 nl pf sample, 1000 times less than with liquid chroma- 
tography. If the sample contains only one ppm of the constitu- 
ent of interest, the amount of this constituent that reaches the 
detector is truly minuscule. 

Conventional CE Detectors 

CE detectors usually measure I TV absorbance. The problem 
becomes one of efficiently probing or illuminating the band 
of sample constituent carried in the transparent electrolyte. 
With 4-nun-wide peaks, a designer might choose to probe a 
volume of electrolyte 1 mm long to avoid excessive peak 
broadening. 

A second important requirement of detectors is that they be 
able to quantify peaks accurately, that is, they must be linear. 




Fig. l. Inspiratta from a 1903 handbook on glass blowing ( n m 
P.N. Hiisliick. Glass Working by Heat mtd by Abrasion, Reprinted 
by Lindsay Publications. 1989; used with pennisslQa I 
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Fig, 2. Man . glass lath* used for initial pi^ttfj^ping. 

To accomplish this, as much of the illumination as possible 
should pass through the center of ihe capillary, mid especially 
r ir >i travel as si ray light around its edges. The intuitive reason 
for this requirement is thai at high absorbencies less light 
makes it through the analyte, while stray light remains con- 
stant and becomes proportionally an increasingly signiticant 
contributor, Thus, further decreases in the* already weak lighl 
passing through the nnalyte result in lesMhau-proporlioiia] 
changes in the total lighl received by flu- photodiode or 
Spectrophotometer, that is, the detector becomes nonlinear 

Conventional CE defecators attempt to pass illumination 
radially through the capillary walls, focusing or apeiluring th« i 
light as well as possible to pass the rays through the center. 
This configuration is fraught with problems. First, the absor- 
hance path length is so short (the inside diameter of the capii- 
Inrv ) I hat the signal is small and the sensitivity poor. Second, 
i he laws of physical optic > prevent mosi nl 'fin- deuterium 
UV excitation lamps energy from being focused into such a 
small region, so fewer photons reach I he < let eel or and the 
shoi noise increases. Third, it is vi dually impossible to pre- 
vein stray light from escaping around the capillary inside 
diameter, so the linearity is pool at high concentrations and 
quantification is maecurate 

Lengthening the Path 

To obtain a longer nbsorbaiue path length, it is tempting to 
imagine ways of probing the sample volume axially such as 
tit i r 1 1 a &Sh&ped cell. Since it would betler match the long 
a-i-ect ratio of the hands. The benefit Would he a path length 



of hundreds of micrometers, compared to one 50 microme- 
ters long as in the foregoing example. The path length, how- 
cannot be the full 1-mm length of the probed volume as 
might t>e expected, since the light rays spend must of iheir 
time traversing the capillary walls as they zigzag off its pe- 
riphery. One author briefly considered this option early on 
but rejected it because of poor linearity; higjt cost, and mod- 
est sensitivity gains. 

Given the above difficulties, what other techniques might be 
used to increase the path length? Would radial expansion to 
form a bubble be feasible in a capillary not much larger than 
a human hair? If so. what might be rhe mixing consequences? 
These were the starting thoughts for the HP design, influ- 
enced by remembrances such as the giassblower sketch, 
Kg. l. 

Kplore the nature of microgiassbl owing, first a CQ2 laser 
was tried, with unpleasant result*- (the capillary pitted and 
fractured), Rest a small battery-powered glass lathe was 
constructed 1 Fig - ' ommercia] pin vises were adapted to 
form headstock and tailstock clamps, which supported the 
capillary on both sides of what would become the detector 
cell A small syringe, w r hich rotated with the lathe, was used 
to apply an air pressure of several bar to one end of the cap- 
illary. The other end of the capillary was left open and al- 
lowed lo spin freely. Fused silica softens at a very high tern- 

tture 1 i-~ou : C), but a hobbyist miniature oxyacetyiene 
torch worked very well for applying pinpoint beat. A stereo 
microscope facilitated watching the bubble growth prog- 
ress. With this lathe, blowing the bubble cell proved to be 
relatively easy, despite some dire predictions. In fact, an 
important component of selling I he project was having man- 
agers try it (hemselves. 

The Bubble (ell: 

Laminar Flow, Plug Flow, and Serendipity 

The core issue ami more interesting science came to play 
when we began to consider wbal would be the nature of 
fluid flow in the cell. The first intuition was that the cell 
mighl represent a mixing volutin , with either laminar or 
turbulent How. Willi laminar How, ihe velocity profile devel- 
ops a parabolic cross section, with the innermost portion of 





Fitf, 9. Mier»>pii«iii^rn|.ii cri the plug to* fin pntagtheab- 

M-ru' 1 of mixing 



June L096 1 fewtett-Eacfeard Journal 63 



)Copr. 1949-1998 Hewlett-Packard Co. 



Reference Narrowest Peak \ in Capillary) 



UV Illumination 



Narrowest Peaft 
(in Dell! 



Isopotenlial Lines 
Field Lines 




Q.OS-mm Capillary 
L D15-mmCell 

Fig. 4. U'-' :\u :i field modi I of ' 

ihe stream moving the fastest, and shear smoothly reducing 

Ihe velociu a! the walls lo zero. Within this regime mixing 
and hand broadening arc considerable \ semi id and pre- 
ferred font i of flow m (he cu i ll is turbulent flow, With tilts 
form ottlow. ihe ceil can be though! of as a vessel thai is 
repetitively partially refilled, mixed, and then partially re- 
emptied. With turbulent flow. ( l — 1/e) or 63% of the volume 
is swept out with each complete refill. This is the regime 
used in liquid chromatography detectors, which are, of 
COUrse, pressure-driven. It is not perfect, because the cell 
size must be much smaller than desired so as not to broaden 
the peaks excessively. As a consequence of the small cell 
size, ihe detector's sensitivity suffers. 

As rhe project progressed, ii became evident that a serendipi- 
tous How balance in the cell might be conceivable. I Iniike LC 
the CE electrolyte is not driven through the cell by pressure, 
but rather propelled at its edges by the same electroosmotic 
forces that drag the electrolyte through the separation capil- 
lary. These forces might be reasoned to be less in the 1 cell 
rji.in in ihf capillary, jusi ai the same time thai the bulk Sot 
requirements in the widening cell would require velocities 
that were decreasing. 

EJlectTOOSt untie How | henry leaehes thai I In- forces llial pio- 
pel the electrolyte through the capillary act at the thin pe- 
riphery of the fluid, across a region just micrometers thick, 
known to e lee troeh enlists as the double layer. These forces 
act to shear this double layer, producing a velocity near the 
edge that is proportional lo force and therefore proportional 
to the iLKJal electric held. Since the axial field is touch lower 
in the cell because of the greater conductivity of its eni i 
cross section, the velocity' near the edge of the cell tin if is 
drama* i< -al k I n m I hat Ln the unexpanded portions of the 
capillary. 

When the electrolyte enters the bubble cell, it encounters a 
gently increasing cross section. Since the Quid flow is in- 
compressible, Lhe average velocity in the cell drops in in- 
verse proportion to the cross-sectional area Now, if the ve- 
locity at the edge of the cell should also drop in proportion, 
there would be no tendency for mixing in the cell and the 
How would be of the highly desirable plug nature, 

This is. in fact, exactly what happens (see Figs. 3 an' I h 
Both the velocity at the edge of the cell, which drags the 



Contents, and the contents of the cell slow down in exacl 

proportion. This remarkable restifi means thar unlike U . the 
llow in ihe CE bubble cell is of plug nature, without any 
additional dispersion whatsoever Thus cells proportionally 
larger by nearly an order of magnitude Than for LC can be 
used, and much of the sensitivity lost because of the smaller 
CE apparatus is regained. It is as though the sample plug, 
long and skinny in the capillary, both slows and transfigures 
itself into a disc upon entering the cell, thus making possible 
much higher analysis sensitivity. Subsequently, upon exiting 
the cell, the plug retakes its original form and speeds along 
its way. 

Fig. 3 shows a photomicrograph of the cell wiih the from of 
a separation band passing through it. Although the analytes 
constituents continue to separate in the cell as they do in 
the separation column, the nature of the flow r in the cell is 
dominated b\ lhe aforementioned electroosmotic flow. 

The cefl mighl. at first, appear to behave simply like a very 
large capillary and he vulnerable lo radial heating, radial 
density gradients, and eounterflow* which cause disastrous 
band broadening in huge capillaries. This is not the case, in 
pail because the the axial power density in Ihe cell is a tiny 
fraction of the axial power density in the separation portion 
of the capillary. Further, any counter flow that might tend to 
develop is small because of the low field and I he relafch i I . 
short time the constituents spend in the cell. 

In practice, a typical bubble cell mighl have a diameter three 
times that of the capillary within which it is formed. It is then 
said to have a bubble factor [ BF) of three or 3k In a 3x cell 
the Osmotic velocity is one-ninth that in the separation region 
of the capillary, Peaks compress in length by a factor of 
nine, with a4-millinieter-wtde peak shrinking to only 440 
micrometers. 

How Sensitive? 

The sensitivity gain of the bubble cell comes from two con- 
tributions: increased signal and less noise. Signals increase 
in direct proportion to the increase in the length of the ab- 
sorb ance path, which is equal to the bubble factor. We as- 
sume that the modern deuterium lamp is itself not a signifi- 
cant source pf noise. Rather, the dominant noise derives 
from the randomness of the photons reaching the detector. 
.Such "shot noise/ as it is known, is proportional to the 
m ] 1 1 a re root of the fi ux . 

As an example of lhe potential sensitivity gain, consider a 
2.5x cell compared to a straight 50-pm capillary. For maxi- 
mum light flux and minimum stray light, assume that the 
round source of a deulerimu lamp is deniagnifled and 
imaged directly onto the analyte. The signal increase is 
equal to the path length increase, which is equal to the 
bubble factor, &§. lo calculate ihe decrease in noise, it is 
necessary to know" how much the flux increases. Allowing 
a 10% margin ai each side of the cell lo minimize stray light 
effects mi linearity, the beam diameter in this example 
could be increased from 40 um to 100 um, or a factor of 2.5. 
Since the flux increases by the square of the diameter, and 
the noise drops h\ the square cool of the flux, the noise 
simply drops by the same bubble factor of 2.5. The signal- 
to-noise improvemenl is equal to the product of the path 
length increase and the noise reduction factor. Since each is 
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itself equal to the bubble factor, die signal-to-noise increase, 
or sensitive gain, is simply the bubble factor squared, or 
G.25x in this example 

Fig. 5 is a nomograph showing to ihe first order how several 
parameters are affected when a bubble is added If assumes 
imaged illumination as above, but neglects the 10% margins* 
The dotted lines indicate the size of the sampled volume, as 
measured by an equivalent length L^q of an analyte plug in 
the un expanded capillary. For the above 2, ox cell example, 
the equivalent sampled length is seen to be 0,8 mm. a length 
unlikely to contribute noticeable peak broadening. Equh a 
lent sampled lengths larger than roughlv a third of ihe length 
of the separated peak < caused by too large a bubble} are 
less desirable because further sensitivity gains are less than 
proportional and peak broadening will occur. This point is 
approached with a bubble factor of 3 wiih '^i urn capiBai 
and bubble factors of 1 to 6 with small capillaries, using the 
illumination described 

hi practice, demagnifying the source directly onto the cell 
requires careful and individual alignment Alternatively, 
overfilled apertures ai ihe eel I can be employed. Since the 
apertures of the unexpanded and bubble ceU capillaries 
could conceivahh be made equal in area, (be standard cell 
and the bubble cell WOidd seem h» have ihe same nmse com 
ponent flms ihe bubble cell would have only Ihe signal 
boosting advantage, yielding a sensitivity gain identical to 
the bubble factor. However, common source tamps ire nut 
spatially broad enough to image onto and illuminate the full 
length of the analyte plug in the capillary, but rather only a 
lew tenths of a millimeter of it. Therefore, m practice. 
bubble eefis even in this case offer some noise reduction as 
well as increased signal. The apcrtnring practice in general 
extracts a slight overall noise penally by limiting the total 
flux reaching thedetectOl to only those nearly parallel rays 

dial actuallj traverse the cell. 

Reference 1 compares numerous other sensitivity-enhancing 

i ligms, and as of 1993 cites 43 «»iln r references ii« this 
I ►mgeoning field. Many of the high-sensitivity directors it 
ciies arc compared ai sample volumes of 50-ura diameter 
and 3-nun length, a point marked on the nomograph wilh a 
doL A bubble cell with comparable volume is seen to have a 
bubble factor of approximately four and yield a sensitivity 



enhancement of 15k Further improvements are possible 
with cells ova] or hourglass-shaped in cross section. 

Bubble cells are amenable to use wit h reclangular capil- 
laries, 2 :t 4 fluorescence detection, laser excitation, and spec- 
tr o gr ap hi c detect i on . Refer en ce 5 explores 1 1 1 e fl o w charac- 
teristics of bubble cells. 

The bubble ceil has been characterized here in cme oi Its 
best configurations, whereas in practice the realized gains 
depend on the individual optical configuration. For exam 
pie. Ihe BPG160QA < IE instrument adds several important 
eapa h i I i t i es : s pee t n igrap hie del e v t ion T i nterchangeability 
between bubble and conventional detector cells, and aper- 
tured sell -aligning drop-in cassettes £"sefc article, page 20), 
HP conservatively represents the cell sensitivity enhance 
ment as being equal to the bubble factor [ for example, a 3x 
bubble increases the sensitivity threefold }. t un ent ly HP 
offers 2-Vj.uu capillaries with 5x cells, 50-um capillaries with 
ells, and T'-nm capillaries with \- celk 

The bubble cell affords an easy and economical method to 
increase the sensitivily of CE* It also increases the lineai il> 
and dynamic range ofCB, bringing ii Uptd I lie njianiihVaiion 
;n curacy enjoyed by liquid chromatography users. Marginal 
sensitivity and poor linearity are no lunger barriers to adopt- 
ing CE as a powerful new analysis paradigm. 

Decision lo Automate 

HP's original plan was to employ skilled operators to fabri- 
i ate bubble cell capillaries on manually operated glass lathes 
of the kind described above. However, the control of dimen- 
sional tolerances for diverse bubble sizes, blown in capil- 
laries of different diameters, was recognized as a substantia] 
challenge, especially as production demand increased. 

Fortunately, the original work took place in f IP Laboratories, 
HP's central research facility. The < Innate of IIP Laboratories 
encourages crossfunctjonnl awareness of i In -diverse techni- 
cal programs, Asa consequence^ the prospects of automat- 
ing the hiihhlr Muwing Operation stimulated the inlerest of 

the manufacturing research assembly technology team 
(ATT), The ATT is chartered to explore and create flexible 
state-of-the-art assembly technology to solve critical, techni- 
cally challenging, manufacturing problems. 
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\ii extended partnership was quickly formed. Involving the 
ATT, the Analytical/Medical Laboratory, which pioneered the 
bubble cell detector, and MPs Waldbronn Analytical I »ivi 
sion, which had product design and manufacturing responsi- 
bility. 

Drawing heavily on previously created technology, the ATT 
carried the project from inception to manufacturing produc- 
tion in six months, with ihe in\ estnusffl of cmeaagineer-year 
ofeltuii TlnM-»Miiaiudei oi i his section describes liulibji- 
VVorlrL the technical solution, and in particular the crucial 

rote played b$ computer vision. 

As a starting point, given the proven capability of die manual 
tathe, the ATT determined to leverage its basic configuration. 
The ATT has many years of application experience employing 
computer vision as a prime sensory modality lor feedback 
control of robotic assembly systems. It was, therefore, natu- 
ral to choose computer vision as the vehicle for real-time 
process monitoring and control and for poslfabrication 
inspection and dimensional characterization. 

Specifications and Goals 

Sjjrritleatinns and goals were established as follows: 

• Capillary initial inside diameter: ~S> to 76 um 

( ustomizable bubbles: Variable bubble sizes and 

shapes 

Programmable axial 
s( retch 

• Polyimide coaling stripping: Flame removal 



• Bubble factor; Ix to5x 

• Post hi flat ion axial stretch: G to 100 inn 

• Reprodu< ihiljiv ±5 um on the inflated 

inside diameter 
ThruimhfHii, 2 units/minute 

■ Hands-orr operation, except for loading and unloading 
Automatic quantitative process characterization and logging. 

Hubble World Hardware 

A close-up view of the business section of the microlathe in 
operation is shown on the cover of this issue, while Fig, I 
ilhihii aii-s ,in overall engineering drawing. All of the lathe 
operations with ihe exception of capillary loading are undej 
autoi a m n his computer cont n J 

The lathe consists of a fixed headstock and an axially posi- 
tionable tailstock. The tailstock rides on a preloaded cross- 
roller assembly, and is positioned by one of four dc servo 
motors through a cam-link arrangement. This configuration 
facilitates adjustment to achieve a variety of positional reso- 
lutions and ranges, in addition t * » providing the requisite 
rime response. Similar mechanisms are used to position the 
radial ami axial stages for the torch- A fourth motor drives 
i Mm spindle. 

Identical head and tail spindles are driven by geared belts off 
a common jack shaft coupled directly to the spindle motor. 
The capillary is held concentrically in the spindles by two 
identical collets. Each collet has four fingers formed inte- 
grally with the spindle shaft. Collet design was complicated 
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by the requirement for clearance to accommodate a stop- 
head preniaunted on the capillary to reference tlu- axial posi- 

; . off the bubble when installing the capillary in tin- CE, 
Tlie sTop-hea<i is located close to the bubble, just 4 mm from 
the collet finger \ ig a headsioek design challenge. 

Each collet is actuated to capture die caf an outer 

cap that screws onto the spindle, imparting a radial closing 

i f locking cyLLndei 9 he stocks actuates 

to engage t\t*- outer cap to inhibit rotation Proper seqw 
ingof the lock cylinder actuators relative to spindle rotal 
enables automatic capture and release of the capillan 

Capillaries are inserted through the headsioek into ihe tail- 
stuck. Insertion Ls arrested by the premounted reference 

stop-head coming to rest against a registration lip in 1 he 
headstock collet. The capillan is pressurized through a 
pressure cap in the headsioek, 1" centimeters from wtw 
the bubble Ls to be blown. Since the capillary is one met< 1 
Long said its flow impedance is huge compared to that of the 
1 11 '1 >^3 1 iv < Idh c] a S3 si em. the oj ►posite end of the capillary 7 is 
left open to the atmosphere. 

i oaxial alignment of the headstock and tailstock axes Ls 
critical to the fabrication of straight capillaries, Alignment is 
augmented by a small V-grooved fitter configuration 
mounted between the collets. The fingers provide added 
support to the capillary during bubble blowing 

A miniature hydrogen torch is used, first to burn the poly 
inude coating before the bubble is blown, and then to beat 
Hi- capillary during the blowing operation. The torch is 
mounted on a two-axis stage driven by servo motors and 
linkage arrangements similar to that used lor the tailstoclc 
Because the torch temperature is 5xed during operation, tin 
rale of thermal transfer to the Capillar? is controlled by a 
programmable radial positioning of the torch. 

Proper distribution of heal along the capillar) is achieved 

through programmable veiocitj control of the axial stage of 
1 he torch. This is generally achieved bf a dithering motion of 
controllable amplitude and frequency, The vertical height of 
the torch is adjustable, but lixed. 

A CCD camera fitted with a microscope obje< live views i| M 
1 ,ij.iillar\ from above. High -contrast images ol ihe inner diam- 
etei 1 'i th« capillars are critical for measuring and tracking 
the bubble growth during blowing. A single diffused LED 
positioned behind the capillary provides high-contrast hn. 
ol the inner and outer diameters. An infrared niter suppresses 
luminous glow From the hydrogen flame and healed capillary. 

The workcell controller is an HP Series 9000 Model 7^> 
computer. It runs the III' I X L operating system and the XII 
Window System, and performs all of the data processing, 
including real-time processing of the bubble images. The 
computer is equipped with a Raster* >ps VideoLtve EISA* 

based J/< > card used as an image frame grabber for the Colin 
i < 1 1 camera, and to provide live image observation of the 
bubble-blowing operation. All motion control is achieved by 
a GalU loin-axis motion eontrollei commanded b,\ the work- 
station through a serial line. All system sensors and actuators 

are accessed via the (iahl controller as well. 



Operation 

Bubbles of customizable shape and size can be blown The 
pro* "prnent engineer can create and store numer- 

ous bubble-blowing recipes, each containing approxi- 
mately 30 programmable parameters. Parameters define 
1 >i il »bie prof] _ spin rates, image parame- 

and the like. The lathe operator need only select a 
tie. 

( apillary loading is semiautomatic. The operator inserts the 
capillary into the open end of the headsioek spindle (right 
Side of Fig. 6) until the Stop-bead is arrested in the registra- 
tion lip inside the collet The operator gently holds the capil- 
lary against the lip, while the machine locks ihe headsioek 
cap and torques the spindle to tighten ihe collet The tail- 
stock collet is then similarly tightener!. < luce both collets are 
(lamped, the supporting fingers are actuated, ihe synchro- 
nized collets are set into rotation, and the capillary is 
pressurized 

The capillaries are manufactured wiih a linn layer of pro- 
tective poiyimide. This coating is removed from the bubble 
section before blowing. This is accomplished by an axially 
dithered bum-off torching of the capillary Following hum? 
Off, the capillary is imaged to find the inside diamen j 
' [mage processing is explained below, 1 The torch again ap- 
proaches ihe pressurized capillary to heat it, and expansion 
commences. During expansion, the bubble image is tracked 
at approximately 10 frames per second. The output of the 
tracking operation is processed to support feedback control 
of the inflation. 

Lf the torch were held at a fixed position during blowing, 
wall thinning al constant gas pressure would soon precipi- 
tate uncontrolled bubble growth* This would stress the abil- 
ity of the s\snm to control the final bubble size. Instead, in 
BubbleWorH when ihe bubble achieves SO percent of the 
goal, bobble growth is slowed by partially withdrawing the 
torch, allowing a controlled approach to the final diameter, 

As an optional final forming option to allow additional control 
over the shape, the bubble can be axially stretched under 

ijm control hv displacing die tailstock. Following bubble 
hiJah ahuii, its shape is thoroughly andaceiiraiely -character- 
ized Lastly the capillary is removed by reversing the loading 
Sequence. The entire cycle takes about lio set 1 uiii- 

Graphical User Interface 

Control of the workcell is achieved via a graphical user 
Interface Md H \ bnili upon a generic GUI developed at HP 
Laboratories for robotic workcell control. 11 The BubbleWorld 
GUI consists of a set <»r \i 1 windows, each dedicated fco a 
particular task- The operator, ihe manufacturing engineer, 
and ihe maintenance engineer each access different GUIs. A 

representative set of GUI windows is shown in Fig, 7. 

The top level oj interface consists of three windows: 

\ isiniL slaiisties. and control. The vision window allows Ihe 
operator to monitor the blowing operation! and includes 
graphical overlays representing \ tsion system tracking of 
bui -hie growth The statistics window reports bubble-blowing 
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performance history, The control window presents the oper- 
ator with a list of predefined pro< pes from which to 
choosy. 

A1 a second, password protected, and more powerful level of 
control, production engineers can tnterad with the system 
to develop processes, This engineer's inierfaee has several 
windows i hut allow conirol of the hardware. It includes a 
joystick window \s hSch allows independent control of each 
of the astes of the lathe ami Mm torch XY stage The en^meer 
t$x\ control position, speed, and acceleration ami the exccu- 

r of bubble-blowing suhtasks such as rescuing the work- 

cell, chucking and urn -bucking the capillary, ami hurnhig Mm 
polyimide coating. An output window allows the nimingon 
and off of digital output bits and the setting of analog ouipui 
channel values. An input window portrays ihe states of 
era! digital input bits and analog channels, A communications 
window shows the commands sertf to the 'iaiii controller ami 
can he used to send debug commands, A database window 
allows I he engineer lo store all pertinent parameters for a 
given recipe, including hardware parameters, and software 
parameters controlling the vision algorithms lhal dark am! 
measure bubble growth. A vision window accesses vision 
tracking and measuring parameters- Collectively, these vari- 
ous Windows allow easy and inluilive hum anion with the 
workcell, along with appropriate levels ol seeuritj 

Computer Vision 

As previously noied, computer imaging is used lor feedback 
control of the hubhle-l slowing | ) p >cess and t'< >r post po >< essing 
characterization of each bubble, Tim bubble image is fed 
from the microscope camera to an image frame grabbei 
board which buffers the image forsubsequem processing by 
thr workstation. \n image processing is performed by image 



processing software running on the workstation. We now 
tibe the Bite* vision operations find, track, and measurf 

The FIND Operation. The purpose of FIND is to const ruci a 
matched filter to be used in the subsequenl TRACK operation 
which monitors the evolving profile of the inner wall of die 
capillary as Mm bubble is blown. Fig. 8a shows an image l 
the baeklit capillary affer die polyimide has been burned 
away. 

The first step in the HMD operation is to high-pass filler the 
image of the burned nil capillary. This step highlights* n 
sectional dark-to lighi iransiiions, as if lust rated in Fig. 8ft. 
Local maxima are referenced to a database of edge-pattern 
sequencing and diaitmirnl information. The result is die 
identification of the capillary walls in the image, as indi- 
cated in Pig. Sc 

From Mm high-pass filter data, a wall tracking-filter matched 
to the dimensions of the particular capillary is automatically 
constructed, The FIND operation is designed to tolerate a 
degree of spatial noise such as dial evident in Fig. S, as well 
as noise caused by an exceptionally dusty imaging array. 

The TRACK Operation. The TRACK operation tracks the growth 
of the inner wall of the capillary. The outpul of I his opera- 
tion is Fed hack b> control die precision blowing of custom- 
ized bubbles, To support real-time feedback control ol 
bubble-blowing, it is desirable io process bubble images at a 
rate olai teas* io frames per second. The general-purpose 
computer is ftoi abk to apply TRACK over the entire image at 
tins rate, but neither is Ihis necessary; it suffices to process 
only a half dozen transverse sections 

The TRACK sequence consists of the following steps. I mi si . 
I tie matched filler derived in the FIND opera I ion is used to 
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Fig. 8, Iter to 

m:iI \ . 



ate tIm center of the *-n[>iiIar> on bf h h sici^s of the re- 
gion where (be bubble is to be blown. Th6 ffiural axis of 
Hie capillars is thru defined bj a lint- connecting Mi«s<' run 
cent^etpoints. 

Tlie image is then analyzed at several equally spaced trans- 
verse segments along the axis of the capillary Ai eai h « 'I 
these segments, edge and peak detection Operations similar 
to those applied in the find operation are performed The 
peaks associated witri the first dark-to-lighl transition atwpye 
anil below the central axis define the diameter of the inner 
wall of the capillary, 

hi the fust tew frames, while the capillary is heating up. there 
will he little expansion. When flu 1 gn -aiesi inner diameter 
among tfe tracked sections achieves a database specified 
expansion (typically 120% of the original diameter), the maxi- 
mum diameter is established by parabolical!} interpolating 



through the three cms corresp mding to the largest iran- 

rr^i' seel ions, hi subsequent frames, all cuts are eojujll . 

spaced between the half-maximum expansion points, ;is 
shown in Fig. 9, 

It', daring the TRACK operation, the program establishes thai 

I J ie processed output ot am gh en frame N too noisy, which 
can he caused hy glowing dust particles, polyimide remnants, 
and Hie like, then that frame is rejected 

The MEASURE Operation The last operation. MEASURE, applies 
the diameter-measuring algorithms described for TRACK, 
above, to a dense family of sections of the cooled bubble, 
for the purposes Of characterizing the bobble and monitoring 
the performance of the lathe. Derived information includes 
the maximum diameter ot the bubble and its axial position, 
and the axial positions of the 90% and |d% expansion sec 
dons as illustrated in Fig. 1£). 




Fig. 9. Tin* rRAi r algorithm is i niioi the capillary inside 

diameter growth :n i rnenl along tru forming bubble 

[the seven vertical le i I i • wit] ■!• h segment of the 

capifiaj • i i I in. real mm the 1 1 ■ .• -■ ■■ La nts 

are fitted with a parabola \fo maxirnut < vslw afc n U) 

■ e bubble diamete* ' '< i; ti Ration i i rpgn ■■: ■ I m to ei i . thi 
bub! l«- expands. 




Pig, 10. After blowing i ■ omp!i U tinu Is less critical and a rnoit 
complet* ciharacterixation can bi mad Thi "- RE operation de 

• ; mm- the cell diameter^ tengttv and a ial i o n i"i. 4 
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Conclusion 

The geometry of the bubble cell raises capillar] electrophore 

sis to t Irani at i rally higher levels of sensitivity and line:u ny 
without sacrificing resolution, Application of automation 
and computer vision to the manufacturing pi©< ess enables 
efficient fabrication of consistent, high-quality, customiz- 

ahle, doc -imiiiUrrt bnlihlc cells, < Ker 40,000 bubble cells 

have been produced to date. 
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HP Disk Array: Mass Storage Fault 
Tolerance for PC Servers 



In the process of offering a new technology to the marketplace the 
expertise of the user is often not considered The HP Disk Array offers 
RAID technology with special installation and configuration features 
tailored for ease of use. 

by Tom A, Skeie and Michael R. Rusnack 



The rapid proliferation of PC-based local area network sys- 
tems and The growing dependence > m them lias resulted in 
concern about the reliability of such systems, particularly in 
the una ul data storage. PC-based systems du not have ihe 
history or perception of reliability thai rainfe omputer or 
mainframe systems have buUl up over the years Thus, U is 
no surprise thai concern about faith tolerance is becoming a 
criticaJ issue in the Pi t ■■ommuniry. This Concern lias led to a 
greaJ deal of interest and research into external storage sys- 
tems and redundun< > 

The significant improvement in CPU performance in the 
1980s 5C to 100% pei yean created the need for similar pi t- 
fonuanee improvements in other system components, such 
as memory and system storage Erru^rovements ui memory 
performance came mostly from new memorj architectures 
and algorithms rather than in the memory components. Sine 
ilarly, magnetic hard disk technology, the most commonly 
used component fors^steni storage, could u<>f provide the 
needed performance improvements, A technology called 
RAID [Redundam \n;i> of Inexpensive Disk^i 1 was pro- 
posed as a method for improving the l/< » throughput foi 
tern storage Thebasfo proposal suggested that thel/O 
bandwidth could be Improved hy spreading the data over 
multiple hard disks to obtain some level of concurrency, 
However, because of the unacceptable trade-off in system 
storage reliability caused in ihis data distribution, 2 multiple 
data*redundancy algorithms i RAID levels) w&& proposed, 
\ brief tutorial on RAID Lechni Jogs is gives 1 } on page 7 1 

The benefits oi improved I/O throughput and data protection 
have made RAID technology wddelj accepted on computer 
platforms of all kinds, including PC servers, While many 
architectures < an efficiently Implement a RAID storage sys- 
tem, thr' genei it architecture includes the mechanism foi 
implementing one or more of the RAID algorithms (typical^ 
a h;.ir<l disk controller) and a method for communicating and 
controlling a group of hard disks {sir Pi**. I l 

The [IV Disk Arraj implements RAID using a hanlu 
based KISA mSCSI controller in which multiple RAID algo 
i if Inns are implemented in the controller's firmware- A con 
trotter implementing SAID is commonly referred to as a disJ 
array controBei: Por the Hi 1 Disk Array controller Bve hard 
disks are connected to each of the controller's two s< si 
buses gh log a total of BlG fairs (assuming RAID leviel 5) of 
protected capacity controlled by each controller Kin. 2 



shows the hardware components of the HP Disk Array, 
In addition to the benefits of RAID, tin HP Disk Array offers 
a wide range of features, sueh a> predictable failure notifica- 
tion, automatic disk-failun n. and automatic disk- 
failure recovery, What really differentiates the HP Disk 
An a from a majority of similar RAID products is the focus 
on luakinu the complex EtAID technology readily available to 
PC nitwork administrators who may not have an itvdepth 
knowledge about RAID technology, SCSI technology, or the 
target operating system. 

After an investigation of other systems uttering RAID tech- 
nology, we found that it was difficult to install and config- 
ure many of I hem properly and to !■ < ' ■' v"« -r from a disk fail- 
ure, even for knowledgeable PC network admirustrators. We 
saft this as an opportunity to differentiate the HP Disk Arraj 
product from other disk array products, New ease-of-use 
software utilities were designed specifically to simplify the 
usability of the IIP Qfek Array product 

The finul product includes several complementary ease-of- 

1136 Teat uifs such SS 

A disk arras contnjtteroptta&ed for performance with 
rh<- selected disks 

• I hud disks pie jumpered, configured, and mounted in h"i 

plug enclosures 

• A disk cabinet with automatic St S3 ID selection 

e ability to replace ad le ration 
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* Software designed specifically for easy eonfiguratkm 
and integration of t&e RAIT) system into any network ujn r- 
aimgsyslem 

This article describes the decisions made during the design 
phase of the IIP Disk Array that resulted in making the RAH) 
technology significantly more liable tot the lypirai user 
wUJxmi sacrificing valuable prodm-i features, 

St orage Categories 

In a lypieal ennipntei (here are many places In store inlui 

[nation either lemporarik ar permanently. Some of these 
storage media include RAM, shadow RAM (BIDS), video 
RAM. read cache, write cache, hard disks, flexible disk, and 
tape. Whatever the storage medium, computer s^ofcage can 
generally be classified as eiiher primary si orage or seeund 
a i y storage. 



Primary storage is oflen referred to as the sysfem memory, 
ur just lla 1 memory. The memory is i\pi<-all.v made from 
semicoriciuctor componertts and is dxaracterized as being 
. i i \ last, volatile. ;uul expensive. Computers use memory 
for mini* diale atid temporary storage. This is the storage 
containing tiu n data thai the CPU operates on and manipu- 
lates. Most servers today typically have about 16M bytes to 
G4M bytes of primary storage; 

Secondary storage is often referred to as tin; system storage 
or just the storage. The storage medium is most often mag- 
nefieaiul is slower, nonvolnl He. and miieh cheaper than 
memory. The Storage is dietelore used as a pertuanenl re- 
pository nl" information. Servers l\pirally have between 
1 Gbyre and 100 Ghytes iff storage. 



Application 
{e.g., Word Processor! 



1, Operating System 
Request' Read file 



4. Operating System Request Completed: 
File is in memory ready for application to 
operate on it 



Qperaling System 



3. Return Completed I/O Request 

2. I/O Request to Storage Subsystem 2: 
Read tile request is translated into storage 
subsystem-specific commands. 



Storage Subsystem 1 
leg., Flexible Disk) 



hnir [995 HewlHi-Packm-fl JrHLuntl 



Storage Subsystem 2 
(e.g., RAID System} 



Fig. 3. \ typical [ < > requesl Sow. 
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The relationship between these two iypes of storage is based 
on how information is transferred in a typical application. 

The I/O Pro< -ess 

Whm anapj'IicaTi - a wm! j 

open a file, it if on- 

-*\b\< pletingthj Depending on where the 

file ; \d} be m memory 

opa its to 

m to bring the file into memory. This ; . 

Acouph ild be pointed out here, Kn- 

knovi how or where the operating system 

Ills stored rhe file it is requesting. Similarly, tl 
system may not know how of where tin - -em 

data making up the file, 

Foi instance, in a RAID system one 1 c > request from ilu- 
operating system mav result in multiple transfers in the stor- 
age subsystem Sucre RAID I i mv page 7 1 1 mirrors or dupli 
cates all information hum one haul disk to another, every 
linir the operating system requests a fill' to be written thfc 
RAID subsystem musi write this file twice. If ihe RAID sub- 
system is using RAID 5, writing a Be ma\ result in multiple 
reads and writes. 

Since sewsal l"f i transfers maj result in mi ;i single request 
from the operating system, something in the sj^tem m 
have i he intelligent e to distribute the data properly and 
know how the data should be retrieved, * ibviouslv. in a mod- 
ular system such as the one described above many ap- 
proaches to imph'iuriiihm r his intelligence in a RAID stor- 
age system i an he imagined. The follow ing section exph area 
thi most <dinmnii RAID storage system approa* hesaftd 
some ol the advantages and disadvantages <>i the different 
approaches, 

RAID Architectures 

A wide variety of architectures have been explored in the 
effort to provide better I/O throughput and data protection 
based "ii RAID technology. These architectures can be di- 
vided Into two major categories based on whether the RAID 
algorithm i uietl i ji ihe host ( Tl or a dedicated 

CP1 When using ihc host CPU, the architecture is gem i 
ally though! of as a software solution, and when a dedicated 
CPU is used, tin- solution is said to have a hardware archi 
lecture* The major difference between these architectures 
most often amounts in ,i tradeoff between cost and perfoi 

inanee, 

Software RAID Architectures. Since a software RAID archite* 
lure uses the host system CPU to execute, one obvious dis- 
advantage with this approach \s the potential foi lower over- 
all system performance than with a dedicated < Tl as in die 
hardware liAil > architecture. However, in man j environ 
minis, the host GP1 is not used to rts full capability Theri 
fori \ using the servea CFI u> execute RAID algorithms pn i 
vides ihe most cost effective ['aim architecture while si ill 
providing adequate system perfonnan< i 



iting systems now offer some method of data 
redundancy hy implementing the U.Wl > algorithms as part of 
the operarJ advantage of this 

oach is thai theiv is no additional cost 10 the user How- 
^erformartce may be affected in CPU4nterts 
application server environments such as database engfa 

, RAID level is offered 

•ney 
me ai all 
D provid* 

RAID scheme. Fi£ 4b shows tl ■ nitecture 

in which ihe the desired RAID level is provided with an in- 
_t<ni device driver 

Hardware RAID Architectures. In environments where the 

server is used for CPU-intensive applications, adding ttie 

ad of executing RAID algorithms may significant!} 
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Ail Overview of Raid Technology 



The Need for Information Storage 

■ r ic today is to put increasingly larger amounts of an organisation's informs* 

lion onto some sort of electronic media for quicker, concurrent, and geographically 
independent access- The information being put an the electronic med^a is often 
critical to Ihe Operation di the organization. Ttrs Trend has created an increasing 
demand for newer and better methods of electro rise storage One such electronic 
storaoe method is data protection via RAID [redundant array ot mexpenswe disks) 
technology 

Technology finds its roots m a series i efred to as the E&\ . 

papers. ' Although these papers do not precisely define RAID, they do provide the 
basis for the architecture of the Technology. The need for disk drive redundancy 
developed as the need for 'lata mtngnty and system reliability became a growing 
issue For example, the consequence of a single point of farlure in a disk stl i 
system cnuld result in the failure of the entire computer system This loss of pro- 
ductivity and often data was deemed unacceptable 

RAID levels are defined Each level specifies a different disk array configu- 
ration and data protection method, and each provides a different level of reliability 
and performance. Since only a lew of these configurations are practical 1 for most 
online transaction processing systems, file servers, and workstations, RAID levels 
0,, 1, 3. 5. and 6 are described here, 

RAIDO 

Although it is often debated that srnce RAID is not redundant and should there- 
fore not be considered as a RAID mode, nearly all RAID solutions include this 
mode RAID distributes the data across all Hie disks in the disk array configura- 
tion (see fig. 1 ) Since there is no redundancy the capacity utilization is 100 percent 



Disk 1 



Disk 2 



Disk 3 




Stripe 3 



Fig. 1. HA!D 0cghIil>.; ; 

The data blacks in Fig. i are broken into three parts and striped across three disks 
What this means is that While m?\ is being retrieved on disk 1, the data on disks 2 and 
3 can be requested and ready to transitu sooner than K three I/O requests were made. 

RAID I 

To answer the need for reliability and data integrity, system managers have often 
implemented a solution in which write data i; in rrored un two separate disk 
systems. This imp^em^ntatmr is refe r reii to as RAID 1. The primary advantage at 
RAID 1 is its simplicity PAID 1 provides a slight improvement in read performance 
over the other implementations. However, write paffortriancB fe poof because all 
data is duplicated. The primary disadvantage of RAID t is cost because for every 
byte of storage used on a system an equal amount of storage must he provided as 
a mirror This results m a cost differential of 1D0% over standard non redundant 
mass storage. 

In Fig. 2. the data is mirrored on each disk. In the event of a failure on disk 1 , the 
same data is available on disk 2, 

Disk 1 Disk Z 

Stripe 1 

Stripe 2 

Stripe 1 

Fig. 2. RAIL ' -; ' oration 

RAID 3 

The architecture for RAID 3 is often referred to as a parallel array because of the 
parallel method, that die array controller uses m reading and writing to the disk 



drives, For fl AID 3 it is necessary to provide two or more data disks plus st\ ECC 
(error correctmg code) disk Data is dispersed or striped across the data disks with 

G disk enntaming an exclusive-OR of the data from the other disks. Ui 
the other RAID solutions, the data is dispensed across the disk in a byte interleave 
rather than the typical block interleave Wuh thl bundles all synchronized, the 
data is placed on the same cylinder, head, and sector at the same timfl 
case of RAID 3, each drive Is connected to a dedicated SCSI channel which fur* 
ther ensures the performance 

This- architecture can handle any single disk faslu'-- tadm® 

feifs, data can be recovered from the failed drive by reconstructing ihe exclu- 
sive-QR of the remaining drives and the ECC dove. The advantage of this scheme 
is that redundancy is achieved at a lower cost {compared to RAID 1 j the pri- 
mary disadvantage is its I/O performance lar small amn ■ ■ I ■ ■ When an 
application requires the transfer of large sequential files, such as graphic images 
for workstations, this is the best method 

Fig 3 shows the configuration for RAID 3 The data is striped across drives like the 
RAID configuration It a failure occurs, the data ts reconstructed based on the 
parity data on disk 3 
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Fig. 3, PAID 3 confirmation 
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RAIDS 

RAID 5 was defined in id effnn to improve the write performance of RAID 1 and 
RAID 3 systems. Like RAID 3, tt)B data blocks are distnhuted over the disk drives in 
the system, but unlike RAID 3, the ECC data is also distributed across all the drives 
(see Fig 41. With this configuration reads and writes can be performed in parallel, 

Diskl Disk 2 Disk 3 
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= Parity Data 

Fig. 4 RAID ^configuration 
RAID 6 

Lke RAID 0. RAID 6 is not yet accepted as a standard RAID configuration This 
:on-iguration not only mirrors data (like RAID 1) but also stripes the information 
(see Fig, 5[ Because the data is striped, the performance is very similar to that 
measured in a RAID configuration The penalty for use nf this configuration is 
that 100 percent more disk space is required 

Diskl Disk 2 Disk 3 

Stripe t 

Stripe 2 

Stripe 3 

Fig. 5. RAID 6 cunfigu ration. 
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lower the overall system performance. A separate CPU ded- 
icated to executing the RAID alu< krithms is therefore used in 
a hardware RAID architecture to offload SAID algorithm 

iri«*n from thi Since this architecture 

quires odditis maJ hardware, the major disadvantage here is a 
higher cost than a software architect* 

The I RAID a] : rJaed as h 

naJ or external solutions, referring to whether the RAID 
hardware rest ■ I u si < U ■ t ] ■ ■ • ! r I nt ernal 

RAID hardware has to interface directly with a host system 
bus, such as wiili an ESS bus, I 'i*k drives are then 

► civil ro the internal RAID hardware directly via one or 
more SCSI buses ( see Fyj,. 5a ). UTtile such a solution may 
offer superior performance. ive some subtle disad- 

;tges. Since the KAID hardware must interface directly 
with rlic host server hardware and operating system, there is 
a high level of dependence between the host and the 
RAII ) hardware. This dependence affects many aspects of 
the product's usability, such as the serviceability of failed 
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Fig, 5, Hardwa the RAID tech* 
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hardware. K( >r instance, if a problem occurs tn the RAID 
hardware, the entire server must be shut down for repair. 

This is not the ease with an external RAID hat tu- 

tion. Here The KAID hardware is typically residing in the 
same em s the hard disks, external to the host s 

tern (see Fig. 5b) and therefore provi' lence 

front tlte host system. In addition to making an external 
product n 

*e^n inanufacturer to more readily - new 

hosthaxdwan stems. Since 

the external RAID systems require additional hardware, they 
tend to tie more costly and have lower performance than 
internal solutions. 

Many other architectural differences exist in RAID systems 
that affect the price/performance ratio. For instance, the 
RAID hardware may use onboard RAM for caching data. 

h caching can provide a significant performaw 
improvement, especiaflj when executing RAID level 5 write 
operations, For a sequential write operation, RAID hardware 
can calculate the BCC for the stripe without ha\ big | 
fonn any read operations if the controller has enough mem- 
ory to cache one entire Stripe, Recall (hat the amount of 
data in a stripe depends on two things: the chunk size and 
the stripe set size. For example, if the chunk size is64K 
bytes ami there are four rlisks in ihe stripe set. the required 

<r one snipe would he 4 X 04k hvtes = 256K bytes, 
Fqf the PC server environment, RAID hardware commonly 
uses between 4M bytes and iilM bytes of onboard RAM 
shared between read and write operations, Thus, cache 
can bemme a significartl cosl increase to the overall RAID 
system. 

Archjieetural differences such as the number and r\ pi 
of disk interfaces used [e.g., fast sts[ fiber, and SSA tSe 
iiiil Btorage Architecture)) can also affect the attributes of a 
&AID hard ware product Foi RAID systems thai manage 
Large amounts of storage, multiple disk Interface buses m;i\ 
be nerrssurv to obtain the besl bus utilization. TheCPU 
■ apabilitie^ will also affect the RAID system price and per- 
formance 

The IIP Disk Array Architecture 
The HP IHsk Array product was intended to take advant 
of the emerging disk array market for P< servers h was to 
be offered as an integrated storage solution for HKs nei- 

i n server product HP NetServer, aa well as a third-party 
storage prt rdud As discussed brieflj above there arc manj 
viable RAID system architectures and features with different 
end product qualities, Deciding on which architecture and 

lea lures would besl lit I lie III 1 Disk Array product was based 
on the folio wing product requirements: 
Tinii' to market Because of the dynamica in the P( markei 
aproduci (or project) rapid ly becomes outdated, li a prod- 
uct Is rinf released within a certain period of time | i.e., "win- 
dow Of Opportunity*), il Cat! mean die difference beiween 
produd 3uccessanc failure. As mentioned, the 111* Disk 
Array was also to be integrated its part of a IV server t$ 
oped by ;i different HP Division. Therefore, two separate 
programs were dependent on a timely release. 
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* Operating system support HP has an established custo 

una wife range of PC server operating systems- While 

somec patties offer new products with limited operating 

system support, the IIP product requirement called tor sup 
port on till common PC server operating systems. At die 
time of the first release of the product I his included DOS 
| for i>OOi support ], Novell NetWare, IHM < *S/% S( ( ) t 'MX . 
Microsoft ; ( »s/2, and Banyan VINES. 

* Capacity, Baaed on market research thai a typii alPC 
sciaci had a sph age need of i Gbyte in 5 kbytes, the IIP 
Disk Array was targeted to offer capacities ranging from 
2 Kbytes to 7 G bytes. 

* Performance, Several market research studies found 
ihai improving 170 performance was the main reason to 

purchase a disk array among inns! P( ' server liters, Perlor- 
manee was therefore ajt important product requirement. 
Ease of use. Knl r\ -level products should have ease of use as 
tme of Their oilman attributes* This was nut the case with 
many of the SAID systems we examined. Thus, making it 
easy for OUT customers to use RAID technology was an im- 
portant requirement lor the HP Disk Array product 

While all of these product requirements conflicted to the 

product^ success, most of them can be considered to be 
eni ty-level requirements. These are the criteria necessary to 
be considered a competitor in this market. 

The folio!* j j l^4 sed h ms des xibe in more detail Mime of 
the challenges the R&D Team had to deal with to make the 
HP Disk Array RAID product easy to use. 

Installation of a RAID System 

Since the PC environment is considered open (that is, hard- 
ware and software from otic PC manufacturer are expected 
to operate with any other P< manufacturers hardware and 
software), producis lend io be very generic when they teach 
the end user. This often makes die installation and configu- 
ration of new hard ware and software more troublesome for 
the user. Installing a new RAID system on a new or existing 
server is no exception. In fact, it is generally more difficult 
since the hardware and the RAID system must be config- 
ured. Tfu' installation of a RAID system involves iliree major 
steps: installing and configuring the hardware, configuring 
the RAID system, and then making the added storage capac- 
ity available to the operating system's storage pool by parti- 
tioning and adding a file system. This pmc ess can be quite 
intimidating, even for the most advanced user. Since die 
last installation step is the same (at least veiy similar) for 
any new storage, the folio wing sections will funis on the 
first two steps 

Hardware Installation and Cmiliguration 
After unpacking and verifying thai all llie parts of a disk 
nrra> system arc available, die user musl first install and 
< onfigure the hard disks and then pic h • i < I td do tin same 
for the RAID controller. 

Installing and Configuring the Hard Disks. Most RAID control- 
lers communicate with the hard disks via the SCSI (Small 
i output er System Interface) interface protocol. SCSI is a 
general-purpose interface protocol that allows multiple d> 
vices such as disks to communicate in a peer-lo-peer fashion 
on a parallel bus interlace, Each device is referenced with a 



device number, or sesi D » If the device numbers are noi 
properly set up i,e .#., two devices having the same in num- 
ber), the S( SI system will not work. 

In addition to setting the SCSI II i several St'Sr interface 
parameters must also be properly set lor each device on the 

SCSI has. Among these are settings for synchronous and 

asynchronous data transfer, data parity cheek and maxi- 
mum data transfer speed. The SCSI devices are configured 
by using hardware ;uid software switches. 

Some RAID systems provide the opportunity to load-balance 
the i/n transfers between multiple srsi buses. For instance, 

if the RAID system has seven hard disks and each disk can 
offer a sustained transfer rate of ■> MbyTes/s, a single S< SI 
8-bit (narrow) bus with a maximum transfer rate of 10 
Mbytes s could la* saturated (7 < 3 Mbytes/s = 2\ Mhyfes/s 
for commands and data and O.Gu x 21 Mbytes/s - 14 
Mbytes/s for data assuming a typical 339£ S( SI command 
overhead), 1 ' Thus, the user must know the approximate 
characteristics of the SCSI bus and the disk drives to distrib- 
ute the disk drives properly. 

Before hard disks can be used for storing useful data, they 
have to be low-level formatted. This is a process in which the 
magnetic medium of the disk drive is divided into generic 
fixed-size sectors (typically 512 bytes) where data can be 
stored 

Installing and Configuring the RAID Controller Setting Up the 
RAID controller is perhaps the most difficult and definitely 
the most critical part of t he hardware installation, During 
this process the nser has to power down the seiver, lake the 
eover off 1 he server PC, and install the RAID controller Into 
;u i empty slot. If not handled properly, static elect riein 
could cause the entire server to malfunction after this opera- 
tion. Further, if the controller has hardware junipers, they 
must be configured before the conlroJlei js installed in the 
server, 

I >nce the system is put back together again, a configuration 
program, such as theEISAConfig program fen an K1SA system. 
is run to assign host system resources t<> the controller (e.g.. 
IRQ and BIOS addresses). Since the RAID controller has one 
or more SCSI interfaces in addition to EISA, ii is \ en nan 
mon to configure the controllers SCSI parameters with the 
EISAConfig utility. 

RAID System Configuration 

Once the hardware is installed and configured, the RAID 
system configuration can begin. To the user this is probably 
the greatest challenge in the entire installation process be- 
cause die R All » technology introduces many new terms and 
concepts such as stripe set size, chunk size, and RAJ1 ) level, 
The user must understand how die selection of a paramelei 
will affect the system in terms of data protection, system 
performance, and capacity utilization 

Fig. li shows the dependency relationships between some of 
the configurable RAIP sysiem parameters. Note that Fig. fi is 
not meant as a complete picture, but only as an illustration 
of ti m complexity involved in determining the values n * as 
sign to these parameters. The operai ing system is tta onfe 

: of devices on anarrow SCSI bus is mqht. and sines me disk controller «s 
c Dos i tiered !□ be one device, a maximum rjf seven bani resits can be connectti i 
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Data Protect m» 
Is 4ai4 protection or 

redundancy required 7 



Stripe Set Sue 
What number of hanldts** 
should lie used pet sinpe 5 



. 






Performance 

How important is 

pertarntance to ibis volume? 



Controller Cache 

If rhe lead or write cache 

should be configured, what 

should it be sei tn"* 



RAID Uvel 

Wh»eh RAtD level best fits our 

requirements 7 



RAID Volume Sire 

What will the partition siie 

be' Is more than one partition 

required? 



Operating System Type 

Operating Systems have different 

specifications regarding volume 

and File All oca I ion Table {FAT) 

Mock sues, 



Chunk Si/e 

What is the largest amount of 

data thai can be contiguously 

stored on one disk? 



Hot Spare 

Does the system need a 

e«b«*| Mi In Mtanek 



I/O Request Type 

What is the distribution of 

random versus sequential I/O 

requests? 



Fig. fi : fi pendi 

iti R Air* pairairM 



entity in Fi.y. 6 that has no dependencies because ttseoh8gi> 
ration istypicallj \wn\ i>> the time the storage s^em is 
nisialUd. Without a thorough understanding of these depen- 
dencies, the user will not kn< rw vvhai effect tin- value as 
signed i«j one parameter will haw on the perrjaining installa*- 
lion. The following sections Look at some of these 
parameters and their dependencies in more detail. 
Stripe set sizt\ Before an} other selections such as logical 
volume size and RAID level can be set, a decision must &e 
made on how the hard casks should be (groped, Asfaipe sel 
is the collection of disks thai make up an array iltat imple- 
iii'tiisa RAID level thai typically uses a disk striping tech- 
nique^ Disk striping involves spreading data over multiple 
disks m an Interleaved pattern to Improve performance (ser 

t) Selection of a stripe se1 greatlj affects the reman 
configuration parameters such as the RAII> level and logical 
\nl 1 111 ii' <\zf The behavipr Of the array will also I it- al 
IVelftls fsprfiall.V ill ICT1I1S of lis [if rfuniianr.' Slu| 

size lias the i'nllnn lug dependencies: 
Performance. Efthe hard disk enclosure has multiple SCSI 
channels with hard disks distributed over multiple chan 
in 'is. it niri> be desirable to have multiple stripe sets to 
obtain betto performance of the overall system. Also, 
depending mi the nature of the data ami the Frequency of 
disi rihnfiun. multiplf stripe seta ma\ be desirable. 
RAID level Bach RAID level has Its own consfaraints cm 
requirements For example, RAID level I canonic be used 
with an even nurnbei ol hard disks, while RAID level Scan 
in* used with an even or mi(\ number of hard disks. 
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Fijj. 7. TWa • ■ i"iH' ol 'i t\ ; i ping md differi ni ttfp 
sizes ' ii • «|u.;il i hunks i qj bloci ) ol 

■ i, ik bytes euitJ B4K hyl* s \i\ 
ir rig this preading the data among muliipt disks, a 

•■ -- ■ 1 1 1 i-p . i i ■ r • an over] ii. "i i ration 1 1 u 1 1 1 • $ ■• md\ • 
\\\< overall data >■ ■■■■ r . . BO and 

\U i eoudd be read tnthc same ttmelt tak«s1 ireadtim chuns If the 
, bandwidth h low - ; the strip el In i b i will 

■ • - iii.iii the tri (a i 
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Hot span-. Depending on the number of hard disks avail- 
able, h may oi may not be possible to have a hoi spare 
(standby hard disk | that will automatically replace a failed 
liard disk in Ihe si. ripe set. Fun her, unless all logical vol- 
umes defined in the stripe set me configured to be redun 
dan? i RAM I levels L .'. or 6), a hot spare will no! serve iis 
intended purpose in the event of a disk failure, 
RAID level, Choosing the RAID level is one of the central 
parameters In the RAID system installation h has a lot of 

mlenlependt in us including: 
D;Ha Protection. IMhe storage system is to withstand a 
disk failure, some redundancy scheme such as RAID 1 or 
6 must be selected It no protection is required. RAID (I 
may he the best choice offering besl capacity utilization 

and gOOd peifonnmn « j 

I'i'ifnrmance, Selecting a RAID level will have a signifi- 
cant Unpact on the l/o performance, For instance, if the 
l < ) requesl types are random writes. RAID 5 is the lowest* 
performance selection one can make and RAID 6 would 
be :i I" ttei • fioice. 

RAID volume size. RAID levels 1 and 6 will consume ~i i 
of the available storage capacity while RAID 5 cost* one 
disk out of the total number of disks in the snipe set. For 
example, if the stripe set consists of five disks, RATI l 5 
will offer four disks or 80% of usable capacity for data 
storage 
RAID volume size. Some RAM > systems allow multiple parti- 
tions within one si ripe set. This allows the user to custom- 
ize die storage by having a mix of volume sizes, RAID levels, 
and caelung schemes, Some dependencies for Ihe volume 
size include: 

RAID level As already mentioned, the RAID level dictates 

w fiat remains of usable eapaeiiy. 

I >perating System. Some operating systems, such as I )S/2, 
cannot use partitions larger ilum S<* hyiev | herefore. ii 
may be necessary to make multiple pailiiious because of 
such operating system limilatii mis 



I hunk size. !5etecting fhe propei amount of contiguous data 
i>r((j on one disk (chunk size i is probably the most difft- 
iiili msk in configuring a RAID system, h Lseasj to explain 
w hai chunk size is, inn challenging to explain the implica- 
tions of selecting different (hunk sizes (hunk size mainly 
affects the performance of the storage system, but the diffi- 
culty lies in predicting how the performance will he af- 
fected. The following consi derations are important in seleei- 
ing chunk size: 
Operating system. Based on the I/O request size, iln- 
chunk size should be set to some multiple of the request 
size. For Novell NetWare this poses an Interesting di* 
lemma because the I/O requesl size can be selected for 
each volume dnring insiallalion of Ihe file system, « Hliur 
operating systems, SUCh BS SCO I MX. have a fixed LO 
request size. 

Controller cache. Cache use will also affecl Imw the 
chunk size should be set. Por example, rl Is often desirable 
to fit full stripes in cache for RAIL* 5 writes. 
1 I i requesl type. The more sequential the requests, the 
more benefit larger chunk sizes will have, 

The HP Disk Array Configuration and Installation 

It is obvious from the discussion above that configuring a 
RAID system is not ;i trivial task. This section describes 

some of the leal i ires the IIP Disk Array provides to make il 
simple for users to inslall and configure a RAID system. 

To simplify hardware installation of the HP Disk Array, the 
hard disks come prelormatied and preconfigured from the 
factory. Since IIP is able to control the hard disks used with 
the RAID ront roller, it is possible to optimise all configura- 
ble parameters at the factory. Any configurable parameter 
that eannoi enhance the product bul could instead lead to 
less than optimized configurations lias been removed. Even 
the scsi id selection has been automated. n> selecting the 

* Clunk size is also referred id as htocfc sue 
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} Protected DOS Partitio 



Protected NetWare 
Partition 






i miet. the Si SI ID is also automatically deter- 
mined. For t ! i ■ i it rol Icr, I lie configu t able parameters 
have been optimized as defaulr 

- ;ilso been optimized by marching die characteristics of 
the known disk drives that can be used with the product 
Hit user does noJ have to understand any performance or 

After I he hardware has beeii installed, the user must cnnfig- 
ItfC the disk anay. A bootable flexible disk is provided that 
prompts the use) feoselecl the language of choice. Tlie instal- 
lation process will thenaltew the user U * configure the an ay. 

The array configuration utility used with the HP Disk Array 
is calletl Jet Set, Some of the features of Jet-Set utility include: 

• Sensing and guiding. .JetSet will sense if the array is uncon- 
figured, if new hard disks k&sm beetl added, or if a rerovery 
operation is required. It will then guide the user to perform 
all the necessary steps to complete the operation 

• Limit choices. Jet Sol will only present options thai make 
s< '\ isr 6 >r the currenl > v\ m ration. For example, a hot spare 
hard disk does not make sense for a RAID volume, anil the 
option should not even be offered to the user. This approach 
also limits clutter on the screen. 

■ Standard defaults. If the user presses the Enter key continu- 
ously through a few option screens, the array will be < on fig- 
ured to tin' most common defaults. The user has to make 
different selections n» deviate irom these defaults 

■ Context-sensitive help, JetSel offers i^xi ttisi\ < i context-sen- 
sitive help throughout .ill niemis. Tlie goal here is not to 

i» ' i ■ 1 1 r ■ iiif user to consul! a manual during tJu- configura- 
tion process, 

• Limit new terminology. JetSet isdestgned bo keep the Ian 
gnage as simple ns possible and not use engineering jargon 
Anew technology typically brings ne^ terminology, ttow 
ever, many new terms can often be explained with more 
familiar terms, 

• JetSel for all operating systems, lb further simplify the 

It anting curve for die user; JetSel is made available in the 
same form for all supported operating systems* This pro- 
vides (he benefits of simplified software control and users 
manual 

A sample of the main JetSet configuration screen Es shown 
iii I tti. & Tlie user is only prompted to make decisions rele- 
\ '& u 1 to the co 1 1 ligurat i o n process . 

the RAID system lias been configured and initialized, it 
is ready for use by the seivers operating system for data 
storage. If the RAID system is the only storage on the s< 
it can be made bootable by creating a In >S partition and 

assigning a I H >S file system. This is the case for Novell \el- 
Wnie :is shown in Fitf. & 

This is nn Important point because some RAID systems will 
not allow the creation of multiple partitions within one 

stripe set Tins Increases the cos! of the system because the 
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user musi either assign a separate hard disk apart from the 
RAID system asthebooi device, ot if the RAID system is the 

only storage system on that semi (lie 1 " >> U>omble parti- 

tion would be a minimum of a single disk size ( I to 2 Gb>i 
and if protected, would rake that number times two. Ttu HI 
Disk Array allows eight volumes for a stripe sel using my 
mix of capacity. RAID leveL and caching strategy: 

Balancing ease of use and a rich feature set ran be very 
Challenging because most manufacturers . . i produ< ts 5ueh 
I- SAID systems want to make the products general em 
s<i thai fh* \ i ;m be ustM on any host system in any operating 
system eiiviruininiii vmiIi the mo$i features of any avail 
product (n marketing dream). Such generali^ a&o chal- 
lenges the simpJicjiv and ease of use pi the system rh-n; 
Disk Array is an example of how few trade-offs wen 

Adding Capacity to a RAID System 

Adding capacity to an existing RAID configuration is a 

known dilemma with this technok >gy . Since tin data is 
spread ovet many disks, a ne^ diskcarmoi simply hi ad 
wiibout shuffling the data around In Pi^ 10 data li 
over three hin I disks ill an interval of bit >ek si/e B, I 
hard disk has n blocks nod therefore Lhearraj has n stripes 
To be able to add capacity to the existing stripe set some of 
the data shown in Pig. 10a has to be moved onto the addi- 
tional disk such that the block layout ends np looking fflfce 
Pig. I Ob. This example Lsspecifir for RAll i (J. 

Adding capacity been s more complex when the system is 

configured as a redundant RAID level Wosl RAID systems 
require a complete backup, reconfiguration, and restore for 
a capacity Increase, Algorithms are being developed to allow 

;i . ipru il> increase for an exist ing stripe set, but are beyond 

the scope of this discussion 

The HI* Disk Army offers a new and simple scheme for add 
ing capacity called emergency capacity. Rather than sob Ing 
1 1»» complex problem described above, emergency capacity 

simply adds a new >inp. Sel tOttte RAID system (see KiK- I i I 

The enveat lie re is that the new stripe sel does not have any 
disk array characteristics sucji as added performance and 
• liii. i redundaxic; hi (fact, 11 fea simply a JBOD (.just a hunch of 

disks) eonhgninrioh. However, it meets the customed need 

of immediate capacity expansion. At a tmnv convenient 
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dme, the user can perform the proper operation for capacity 
expansion. 

Recovering Front a Failure 

Another major reason why organizations invest in RAID 
systems is protection against system downtime. According 
to the March UH*4 issue of Byte Magazine, a survey of 4o0 
information service executives at mhni major companies 
found computer downtime cost ;m average of U.S. $78, 191 
per hour and occurred, on average, nine times a year. A typi- 
cal outage cost L ~.s,$:iOii.i}lM including the cost of recovering 
ur reconstructing the data. However, failures eati and do 
occur making notification of failure essential. Some fail 
ures do not cause any disruption in the I/O processing (per- 
formance may suffer some), while other failures will bring 
down the entire server. 

Failure Notification. Before any manual restoration process 
can begin the system administrator needs to know thai a 
problem has occurred. The failure notification method is 
therefore a very important part of the RAID storage system. 
The notification should he immediate (lie* within minutes *>\~ 
I he failure), visible, and understandable lo I he administrator. 

Many approaches are used for failure notification. Standards 
such its SNMP (Simple 1 Network Management Protocol i ami 




Fig. 12. Failure i * stemwitha before 

Lire (b) After disk 2 has failed and th fretspatf b brought 
onliiv 

[►Ml ' Desktop Management Interface) are emerging. How- 
ever, since standards have a tendency to take a tewag time 
before they arc complete enough for the industry to use, 
industry tends to rake its own direction. 

Failure Recovery. As mentioned, some failures are recover- 
able. One such ieru\<'iable failure is a single hard disk that 
is part of a redundant RAIL) stripe set. The storage systt no 
may have the ability to recover by il self by rebuilding < mi a 
hot spare [standby hard disk), The failed disk should he re- 
placed to make il the new liot spare. If I be system does ftOl 
have a hot spare, I he failed disk must be replaced before 
rebuilding can take place 

Kil 12a shows the storage configuration before a failure 

and t iu l-!b shows what happens altera failure on disk 2 
and the completion of using the hot spare (disk 4) to rebuild. 
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The HP Disk Array rakes failure nniifieation one step fur- 
ther In ad ring ncftiflcation of failt^es thai i 
alread\ happened, it offers a prei dlore notificatioci 
so that for some failures, the user will be warned about fail- 
ures that are about to happen before the system is degraded. 

essentia] to get notified abom failures »i - 
ble plaee. If the server is nut physically dose to where the 
system administrator is J it idible alarms and mes- 

server are rtol very useful Hie HP Disk Array 
off* t . ed warning mechanism u yIP traps 

tu an HP mote console. 

This allows the system administrator ktot 1* ^s and 

failures from am location [see Rg< ! 

TheHPDisk ^rray offers automata failure detection and 
restoraUj mi i if redundancy with the use of a hot spare disk 
drive [fno h«>t spare is used. I he online version of the Ji-iSh 
utility is required to starl the restoration process T pen 
loading, the online JetSel utility will notify the useraboul 
which disk has failed and needs to be replaced before the 
restoration can begi 1 1 

Conclusion 

it i developing products based on emerging technologies, ii is 
the responsibility of the designers to make smv dial these 
technologies are quickly areepted and available to the typi- 
cal user floweve^ in the elf on to Infeg a produci to marked 
in a timeK manner, the end user is often nol prioritized The 



t is a product that reflects the complexity of the tech- 
_. it Ls built cut 

Overall goal for die HP Disk Array design s to 

provide RA1I' U .£? PC network admin- 

tot Defining what an average I 1 * network administrator 
nt and what soch a user knew about RAID technoln 
took center stage throughout the development. The result- 

for a novice user, but still 
provides opth ins and information for die more adva 
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COBOL SoftBench: An Open 
Integrated CASE Environment 

With the aid of a mouse and a menu-driven interface, COBOL 

programmers new to the UNIX" operating system can improve their 
productivity with 3 tightly integrated toolset that includes an editor, 
compiler, debugger, profiler, and other software development tools, 

by Cheryl Carniieliat*] 



M my targe companies today are siiJJ developing mission 

eritieal COBOL applications, and they want tools to hi Ip 
them easily transition l heir developers 10 open systems, 

In 199 1 , we recogj ii zv < 1 1 h al in any o f o n i ■ c u a t oi n e vs wi ■ re 
moving Mis applications to the 1 'MX operating system 
using c SoftBench and C+4 SoftBenek Tttes-e customers 
asked For a more busihess^oriented language specifically 
CI d;< >L. In addition, HP I x hadjusi been recognized as the 
leading TNLX system environrneni for MIS organizations 
moving trim 1 mainframes 10 open systems. 

We heard customer concerns about tim\ fog \US development 

renins I o open systems. They wanted to minimize ihe loss pi 
developer piodnniviiy associated with learning a new operat- 
ing system and new development languages and rewriting 
their custom applications 

The C< m< )L SoftBench family is based on I If ^ MF Q< >B< >L 

llewlen Packard's implementation of Micro Focus ( !< H!< >h. 
which is based on technology from Micro FoctJSj hid. 
COBOL SoftBench leverages a development team's ('< 1BOL 
expertise and protects its investment in COBOL applications. 

When we were designing < ( iBOL SoftBench we aimed at 
novice CMIX-system users. These users minimize their 
learning curves with the aid of a mouse and a menu-driven 
interface. Several tools have easy-to-use graphical user inter- 
fat *es, and common UNIX euinmands are accessible via sys- 
tem menus, 

1 1 >BOL SoftBench improves developer productivity witfo a 
nu.hr i\ Lntegrated toolset thai includes an editor, compiler, 
performance analy/ei; delmggeraniinator, static analyzer, file 
comparator, email, and more, Other items provided l>\ 
COBOL SoftBench to improve productivity include: 

• Graphical views of complex programs 

• Do/ens of integral ed third pany tools 

• Provisions for developers to integrate their own loots using 
the SoftBench encapsulator 1 

■ The ability to automate repetitive tasks using rhe SoftBench 

message connector 2 
1 Support for mixed-language development with 

I 1 m HJC SoftBench and COBOL C ■ * Soft Bene]!. 



COBOL SoftBem ii 

• m 4 1 tightly integrated toolset increases developer produc- 
tivity. TftiB interactions between the Solt Ben eh programs 
(hat make up This toolset are shown in Fig. 1. 

• The SoftBench program oditort edits program files, shows 
the column and line local ion of the cursor, accesses version 
control for a file, and performs common I'MX commands 
oil ;i file. 

• The SoftBench program lmiM> i controls compilation and 
linking of application tiles, provides views and jumps lo 
source rode For compilation errors, creates makefiles, and 
displays makefile dependency relationships graphically. The 
program builder also supports embedded I H S (i ustonier 
Information Control System) statements and SQL applica- 
tions* 

• The Soil Bent h C( >BoL animal or uses an enhanced window 

interface io the Micro Focus Ci ►BOL animator to debug 

t See reference 3 for more information athour These Soft Be 1 H 
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utable ( "i »BOL programs, provide access to native com- 
mands for expert Micro Focus users, display data monitors, 
and allow mixed4anguag< -uing. 

• Tile SoftBench static analyzer enhances visual code brows- 
ing by graphical or textual representation of pi - rue- 
ture. 

• The SoftBem-Ji ( • >Bt >L profile enhanced window 
imv the Mien i Fi >cus ( ( *B( »L profiler to supply de* 
tailed statistics about the run-tune perfbrmarn kBt >L 
program. It determines performance ^ and hi 
tbedeveJopei nun s for the | 

Other integrated tools thai are not shown in fig. I inchi 

• The SoftBench development managerl handles file and 
directory management and version control 

training comes with e» nch 

[>]' tifcict Each computer-based tutorial tcQa aboul individual 
tools and exposes the user to a u ide variety of SoftBen I 
capabilities using several hands-on training examples. 
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Friendly User Interface 

l * kBOL SoftBench developers are buffered from the Man 
dard I NIX command line entry format They selecl buttons, 
toggle options, choose menus, and drag-seled text. Typing is 
left for data entn am! editing source Code, The following 
model shows how a user would view iht I MX operating 
system through the COBOL SoftBench toterfa< 

The SoftBench development manager directory list presents a 
list of files tn ihe current I v viewed directory and alio ws vari 
ous actions io be performed on anj Gle. F%» example select 

Directory; Show Full Listing to vie w a complete directory listing 
tncludmg permissions, owner, group, size, and modification 
time (see Ti^. 2). The files displayed in the directory list can 
be limited by using predefined or custom filters. 

Within the din < tm . listing, a single line, multiple linest, or 

liseontiguous lines can be selected for the sin 
mm To select discontiguous files, hold down the Ctrl key 
while clicking the lefl mouse button on each file name. Foi 
example, to compile scattered source lilies, select the dis 
D in uniis chl files shown in Fi^, 3 and Ihen choose Actions 
and then one of the compile selections 



„ — ,-- i 



-i *-* 1 €f»r r 









'i mm . ., 




Fig. 2. A dlrei ■• ■i!t«i -in h develop 

r 1 1 • r 1 1 managers fitr«etwy? Show full Ustfafl menu tai 



Moving about in a directory only requires a mouse movement, 
To change r<» another directory and view its contents, move 
the mouse focus to the context line. While holding down the 
tight mouse button, move through directories until die de- 
sired directory is highlighted. Release Bie mouse button and 

a new direclory list displays. 

The Soft Bench development manager helps manage files and 
direeto] tes on ttie developer's computer and across the net- 
work. Prom the File: menu item, the developer i;ui easily 
choose Edit, Copy, Rename, import, or delete depending upon the 

task 

A tiumbei oi common^ used ' NK commands are available 

from the Systcrr jueuu. These include: 
■ ( Changing a QIi s. pet mission 

Printing ;i file with a numbei of printer options 
• Cheeking the spelling in a file 

I knotting lines words, and characters in a file 
ating a backup copy of a file 

i pdating the modification time tv»i- a Ble. 

Support im: ('ode Use Model 

\eu GGBOL SoftBencli users want to leverage their COBOL 
development expertise and protect their investment in exist 
ing ' '< kB< kL applications The following example shows hoM 
:i < i >l> i, developer who is maintaining iinf amuiar code 
would use ( f kB< kL SoftBench to tackle a problem thai might 
arise in a ( < » I i* kL software maintenance environment. 

In ibis scenario the developer receives a complairti thai 
inflation i aiculatkm program i mfcaic.c&u takes tun long to 
start, Tb deal with this complaint, the developer must 
quickly identify the performance bottleneck, fix the prob- 
lem, and verify that the f\x dues indeed improve the applica- 
tions performance. 

Source Code Control. The inflation calculation program has a 
lliesei containing mfc r aicsubx, infcalc.cbl, header cpy, and Make- 
file. The developer sets up a working directory using the 
SoftBench development manage] and checks these files out 
of a revision control system. The revision control systems 
thai ( '< JBt d- SoftBench can be configured to use include 
RGSiSCGS, PVCS, Clear* ase and others. 
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Fig. 4, The SoltBench program builder and the CI IBOL compile 
■■:. 1 1 my,- dialog box 

Compile Options. The application must be compilrd to enable 
th e generate o n of p erformatw :e slat ist i cs , Using the Soft- 
Bench program builder, the developer enables the Profile op 
tion with a mouse rliek in the < 8 >I30L compile settings dia- 
log box and compiles the application {Fig. I }. Tin* ( OHOh 
Soft Bench environment accepts many control options which 
tailor the compile Tor Special needs. 

Micro Focus RunTime Settings. Over 20G opiums me available 
in the Mic to PocUS < ''< )M )L development environment. 
COBOL SoftBench provides a way to view uud change op- 
tions and values easily, i te&t 5Q of I he mosl common options 
are available from I he SoilBenrh program builder via the 
COBOL compiler settings and ('< >BOL mn-iinie settings dia- 
log boxes. 

Application Execution. Th© application is executed to generate 
performance data. When the developer inns the application 
from the Soft Bench program bmlder. ihe Bias infcalcTpt and 
inf Icalc.rpf are created. 

Application Performance Analysis. The Soft Bench ('( )BOL 
profiler makes ir easy lo determine where the application is 
spending its time. Remembei ilia) for our example, ihr per- 
formance complaint is about slow startup. The developer 
rujiiees that a large amount of lime is being spent in the ini- 
tialization module (Fig. 5}. 
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Fig* c. The i^ii options for sorting perfonnarice statistics hi this 
■'■ i n| i' the modules in die program being evaluate! I will be 
according to 1 1 n ■ amount oj i spej ach module 

The Sofl Bench Qi )BOh profiler is an encapsulation of Ihe 
standard Micro Focus COBOL profiler lool. The COBOL 
Soft-Bench iinplemeululiiwi enhaiu -es ihe Mi< to Focus pro- 
filer Listings of perfonttaace data by displaying the data in a 

Soft Bene 'h window. Flexible reporting capabilities are avail- 
able. For example, there are ten ways lo son peifoi mauce 
statistics (sec Fig. (>). Using the Options: Display Options from 
the profiler window, the developer can also choose to view 
only entered data, nonentered data, or all the paragraphs in 
ihe program- 
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I ' i u - 7, "!"• gram editor showing the inliialization 

.I- 

Program Structure. The Soil Rem h static analyzer allows the 
developer to &&tfe Einte in searching foi pn ►gram errors in 
unfamiliar COB* >L code; Imuiii The Sofl Bench C( >HOL pro- 
filer, the developer double clicks on the line in Fig. 5 shi ,s 
irtg the initialization module* This action brings up the Soft* 
Bench program editor displaying the source eo*U\ starting at 
the beginning of the selected module I Pig, 7 1, 

The developer needs to learn about the pelationsrups between 
the many pans thai make up the application without having 
in read the unfamiliar code, I king ihe mouse button! 1 1 n ■ 
developer drag-selects oog-main-mqdule and chooses the 
Show: Definitionf i menu Usem to bring np the SoftBench static 
analyzer, Now, the developer can quickly display ihe pro- 
gram Structure graphically using the Graph: Query Graph menu 
item tl r \£. 8), 

Existing Relationships The static querj graph shows thai the 
imhaJi/.Miinii module performs ihe iso -zero -FfELD paragraph, 
Looking h&ek sti the SoftBench COBOL profiler in F\g. r ,. the 
develops gees thai this paragraph is called LOCK) times! 

\\ Ithin a vets shoil i inu-. the developer knows where the 
program Ls spending time, has an understanding of the pro 
grarii structure, and is ready to debug at a specific paragraph 
In other Words, iiu- developer has a good start toward solving 
the problem* 

Program Animation, Ftogranurters frequently nerd to under 
stand a program's logic. M\ dyrtaroicaBj watehing lines of 
sMiirn- code execute thea can Identify where the beha\ N>r 
of the program dttTersfrom whai they intended 

Daingtrte SoftBench Gt *l{« ^L animator, the developer selects 
ihf line of code th;n performs the paragraph in Question, 

PERFORM 150 ZERO FIELD UNTILZEflQ-COUMTER - 1000 ( Rg. 9), 

Choosing Breakpoints Zuom executes the program through the 
mist before the perform statement in question While Hie 
animatoi is paused, the developer can view the code ihm is 
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Fig. 8. R if Soft Bench st -a) \v\g 

ilatian program 

about in be executed. Looking al this paragraph reveals thai 
rhf WS-ARRAV air;i\ elements are being set m zero. 

The developer now selects the Animate button. The animate 
mode single steps through the program. As each line exe- 
cutes, watch windows show the name and value of all vari- 
ables i hat change. The developer Tunis then the program 
executes this loop M3Q0 times, ji&j asti wasinterrfetl 

Textual Static Queries. The Show menu shown in Fig. 10 
helps locate iinv place ;i specified identLriei is referenced 
From i he SoftBench COBOL animator, the developer d 
selects the WSARRAY identifier and then chooses Show: gel 
erartcesj ). There are i>nly two references the declaration 
.md the perform statement 

A more experienced developer could have avoided the ani- 
mator Steps h\ editing the 150-ZERQ-F1ELD nude from the Stat It 




Fitf. &The SoftBettd nimator showing a tern ofl Break- 

.'iiom menu and two Examples of watch wii- 
ii" mi is a group of menu commands thai k&y i hi «r " r, -n i 'IT from 
1 1 m >i r parent menu* The parent mi to Breakpoints a 

tl -ir i'" 1 I!! aliott : r ' . ■•*!*■ VI ■ • 1 1 J i - 1 1 1 I % 

u .pit menu in r th pari m men i rtem la no longer i 

tecteil Ii; : si om ich i nn coul<3 i"^'' j iii« s tear-off 

.n Bj cH< lemg on the dashed lute theme fcems rfiown belcw 

the Actions command wouJ I i* menu 
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Fitf. 10. The Show menu is us< d to help locate v, tiers a sp fcified 
idenflfrei i- n I in a prog] 

graph and checking the reft >rences for WS ARRAY firom the 
SaftBench program editor, 

Source Code Modification. This clclVi i fix is a simple one: 
delete t 1 u ■ unnecessai^ perform loop, From the SoftBench 
COBOL animator, I lie developer chQQ$6S File- . Fclit and edils 
mfcalccbl. Then from the Soli Bench pro-am editor, the 
developer searches for the zero field string, removes the 
unused code, and saves the changes to die file, 

If the developer had needed to make major changes i<» flu 
code, ihe SoftBench program builder would takeaway the 
pain of finding compile errors. After the developer saves and 
compiles the program, any errors found are displayed in Ihe 
Build Output area. To browse and fix errors, the developer ran 
select the First button or select any error in the lisl. The asso 
dated source file appears in ihe SoftBencli program builder, 
Willi Ihe lexl t ursor located at the beginning of the line 
where the error was < !■ r i cted (Fig. 1 1 ). 

Improved Application Performance. Before the code is returned 
to the version control system and production, ii is import an 1 
to confirm tluit a lower pen <Ti1;aje I'llinie is spent in the 
initialization module. The developer recompiles the program, 
witli the Profile option still enabled T Tims the pro^mm a^ain 

and from the SoftBeiuh CpBOt. profiler, selects the Entered 
Paragraphs Only display option. This shows that the 150-ZERO- 
FIELD paragraph is not entered during the application's exe- 
cution (Fig, 12), 
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Mixed-Language Model 

Development teams can take advantage of other cechnoli 
with COBOL SoftBench. For example, consider the devel- 
oper who is wilting a mixed- language application, One pro- 
gram module is written in (< )BOL, while another is a sub- 
routine written in ('. The ( '< JB< )L module calls the C 
subroutine. 

To illustrate Ihe COB* >LSoff Bench model, consider die sce- 
nario in which the developer has set up a working directory 
using the SoftBench development manager and is using ver- 
sion control on the the I wo source files mixedtest.cbl and 
cpart c. The program is nui working as the developer ex 

peels, To help determine what is wrong with Ihe program, 

the SoftBench COB< >h animator and the Soli Bench program 
debugger (lord ie C subroutine] are used 

Custom Run-Time System. Willi a mixed-language application. 
a custom run-lime system is part or the application. From 
Ihe Soft Bench program builder, the developer Create a 
makefile, whirl i deleels mixed source code files, With this 

makefile, GOB< if SoftBench will automatically ereale a cus- 
tom runtime system. Nexf t Ihe developer sets compile op- 
tions tos& up both pro-ams for debug^ng and then builds 
the application. 

To verify that the makefile is working as expected, the de- 
veloper brings up the dependency graph browser ( Fig, 13). 
This graph shows cpart.c is compiled to an object Hie and 
mixedtesLcbl is compiled to an intermediate target 

Mixed -Language Debugging, Since the COBOL program is the 
entry point in Ibis example, the developer starts from the 
SoftBench COBOL animator, and the mixedtest.cbl source 
code is displayed (Kig, 1-1), The developer chooses File: Soft- 
debug Adopt to display i be SoftBench program debugger wiu- 

dOto Aficrselting a breakpoint at the (' procedure mi i y, 
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rlu- developer selects Oie Continue button, which returns the 
control hark to the Snfl Bench COBOL animator. 

With both debuggers started, the developer is reads ln debug 
flu- application usmjj both l he SoftBench ( "< >B< »L animator 
in it I tin- SoftBench program debugger • n < tivelj railed 
debuggers t 

t ontro) Transfers between the debuggers as the up| Citation 
Mrs i i li - prograni module or the subroutine. Tin- des e) 
oper can applj all tin- features of either debugger, such as 
setting breakpoints, watching variables, or setting variable 
values 

COBOL and C++ Mixed Program. When a custom run tinn &$s 
icm includes Ch i-, the < * i language requires thai the entry 
point be the Ch i nnain function. The developei starts the 
SoftBench program debugger and the main c source code is 
displayed, Choosing Rie: Animate Adopt displays theSofl Bench 
COB4 VL animator window. The program bi ■ mion at 

theentrj poinl displayed m the SoftBench program debug- 
window, and again control passes between the debug- 
depending upoii the application^ behavior 

Conclusion 

HPs iiiteurah m I a] j ilit $1 it m i lei elopment toolsets, t OBQL 
SnhBeiich, i t >b< uy< SoftBench, and ( ( m< >i, ■■< .. ( SoftBench 
1m i|> ("i iij( >L programming teams easits transition to open 
systems In addition, these pi«»Hin(s help position the teams 
to transition to nev\ application development technologies. 
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Development and Use of Electronic 
Schematic Capture in the Specification 
and Simulation of a Structured- 
Custom ASIC 



ASIC designers must sometimes provide the ASIC vendor with 
documentation describing the data path of the chip and its relationship to 
the control portion. This paper describes a method and attendant tools 
that facilitate the employment of commonly available electronic schematic 
capture software to ensure that the documentation given to the ASIC 
vendor always matches the Verilog HDL descriptions used by the ASIC 
designers for simulation. 

by David A. Burgoon 



This paper briefly recounts the development and ose of 
schematic capture in the design of a structured-custom 
ASK' i application-specific inlegraled circuit >, The ASIC was 
developed through a partnership of two learns of engineers, 
one from our laboratory and one from the ASIC vendor, 
which in this case was the HP Integrated Circuits Business 
Division. The team from our laboratory was responsible for 
defining the overall architecture of the chip, that is, the 
overall hierarchical block diagram consisting of data pnih 
and control, and the functional description of each module. 
The vendor teams main contribution was custom design of 
the data path and implementation of the ASIC's infrastruc- 
ture, such as pads t scan chain, JTAGt circuitry, clocking net- 
work, and the like. Our team was responsible for conveying 
the logical architecture and functional description of the chip 
to ilu' vendor leam T and was also responsible for verifying 
The functional design Through (primarily) \ei -ilog simulation 
The vendor team was responsible tor i tuning the Verilog HDL 
(hardware description language) functional descriptions 
into ail equivalent physical design. 

It soon became clear that if this division of labor was going 
to succeed, the quality and accuracy of the documentation 
used to convey the Chip's functional behavior to the vendor 
had to be ensured. Most of our designers preferred to docu- 
nient the overall architecture graphically, and had often 
done so by drawing block diagrams with Their favorite 
graphics editor However, to verify the functional design 
through simulation. Verilog HDL descriptions tune to be 
developed. These descriptions are also used for synthesis 
f »f the chi] is I -out rol 1< >gic via the Sym >J 133 - ton 1 J set ( fn »m 
Syuopsys. Inc. ), This presented an apparent dilemma: tlie 
best way to convey the high-level functional design to the 

' JTAG tS the Joint Test Action Group, whicfi developed IEEE standatd 1 149:1, IEEE Test Access 
Port and Botmtiaiy-Sca: 



Vendor was through schematic graphics, but the only way to 
describe ihe functionality precisely was through textual 
HDL models. If our designers af templed Jo maintain both 
forms of description. we faced dupJiemion of effort (essen- 
tially describing tin.-' block diagram twice, once graphically 
and once textually), and (lie possibility of differences be- 
tween the functional schematic block diagram given To the 
vendor and the Verilog IIDL used for simulation (see Fig, 1 ). 

Goals and Tactics 

One way to solve this dilemma would be to develop tools to 
compare the topology represented by the schematic docu- 
mcnlarion to that of the Verilog models, and manually recon- 
cile any differences, Another approach would be to try to 
convert the Verilog models into schematic diagrams program- 
matioally. This approach was discarded because it entailed a 
lack of control over die aesthetic form of the drawings. The 
goal we ended up pursuing was to find a way to simulate the 
documentation, that is, to remove the possibility of disparity 
between the schematic documentation and the Verilog HDL. 

We chose three tactics to achieve this goal: 

• Use electronic schematic capture to produce the documenta- 
tion and the Verilog HDL models. Develop a set of tools and 
p roe esses that ensure thai the hierarchical block diagrams 
and the Verilog netlists are products of one and the same 
database, 

• Design the tools and processes to enforce a policy thar pre 
vents the extracted Verilog text pjjea froni being indepen- 
dently altered. All changes to the Verilog models must be 
effected through the schematics so that disparities are 
rigorously eliminated, 
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Design the tools and processes io be integrated snw othlj 
with the existing simulation and regression testing environ- 
mem. Tli is allows i Ik 1 extracted Verilog models to be easily 
verified alongside the handwritten models 



rfcs2ver tM £ conies with a powerful language called DDL 
(Design Database Language) for accessing the database rej> 
resenting ;i schematic Several years ago, a DDL program 
called dcs2ver was wrin- rx productiviti group to fa- 

cilitate the functional verification of hierarchical printed 

a natural choice for our application. 

Briefly. dcs2ver rnr hierarcii hematic and 

prodi [nodule define ich unique symbol 

(called a design i in the schematic. Each module definition 
contains the required port declarations, as well as module 
instantiations representing all instantiations of symbols on 
the orcuil ■> of files* 

one module declaration per fih\ thai represents the hierar- 
chy of the ASIC asa component-oriented neiiisr expressed 
n\ verilog HDL 

NgleTaikll. NgleTalkH b a name given to oar laboratory's 
latest generation of simulation, configuration, debugging, 
and regression testing tools. 2 * 3 h Is listed here because ii 
facilitated fee regular testing of dcs2ver-extracted verilog 
modules against a mature suite of tesl scripts written in the 
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Major Components Of the Solution 
( Mir goals were achieved by knitting together runts we had 
"lying around the house* 1 \*\ means of some tool enhan* 
ments, bug ii\es. and shell scripts. Tins approach was m 
keeping with ihe grass roots nature of the efforts we had 
neither the time, the funds* nor the inclination to search i he 
commercial marketplace fot a solution We wera committed 
to choosing ihe l>esi tools from among those currently avail* 
able in out laboratory and integrating rlu m into a solution* 
Some pieces of the solution were interna] and some wens 
commercial The major components of the solution ate 
dest ribed In the following paragraphs [see Fig. 2). 

Design Capture System. We chose the Design ( apture System 

•: I h'S}, versinn " 3n from Zuken (formerly from IMMasuui 

schematic capture tool. Some of the attributes of DCS thai 
made ii an attractive choice are: 

• It is a true hierarchical schematic capture tool, not merely a 
graphics editor lhat lias been coerced into captu ring ASIC 
topology. Il implements hicratrhv naturally, and has a rich 

set i >!' f m iili-in features that promote circuit consistency and 
discourage wiring errors 

• All of our designers were proficient at using it because 11 
had been tin* tool of Choice fnr niaiiv years fur the capture 
i ii printed circuit board designs, 

• A Verilog extraction tool, dcs2ver 1 had already been written 
for it 
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NgteTalkll language. In other words, NgJeTaJkll made ii eas$ 
in "simulate the docniitt^at&iioit' 1 ob a daily basis. 

History Management System. The His lory Management System 
(HMS), she internal predecessor of \\V\ So&Bfcrieli CM prod- 
uct, tea set of tools thai manage version ed files in a net- 
worked environ i nent. ' It provides mutually exclusive edit 
access and revision control through a set of client i om- 
mands reminiscent of the standard RC8 (Revision Control 
System ) e» m i n i;i t >< Is of I he l'M\ i u .. rating system. 

The consistent and universal use of HMS hy our design team 
'*n nil df 'sign files made it easy to enforce tin- policy of disal- 
lowing independent modification of the EH S files and the 
derived Verilog files. This was achieved simply by checking 
in (placing under HMS control) the original DCS database 
files, and purposely nol cheeking in die dts2v«ji ■* >.iuu ted 
text files. We used HMS to help ensure thai the Verilog em- 
bodied in the DCS schematics was extracted strictly In mi 
those Schematic^ Since die Verilog Files were absent from 
Ihe I IMS seiver, the only way to get them (ami be sme f hey 
were correct ) was to play by the rules and use rjcs2ver Thus 
a typical design change to the high-level structural Verilog 
required locking the necessary DCS tiles, making the n> 
sary graphical edits via DCS, checking in the modified DCS 
tiles, and n inning dcs2ver. 

Glue and Enhancements 

The major components of our solution were integrated 
through a set of ^glue'" programs and procedures and 
enhancements lo the existing components. 

dcs2uer Enhancements. As mentioned previously, dcs2ver was 
original iy written for board simulation. Our use exposed 
several weaknesses and bugs, which we fixed. Some of the 
more notable enhancements were: 

• The ability to allow DCS net aliases and split lers with alias 
labels, t 

• The ability to use DCS net ^bundles" (heterogeneously 
named buses), 7 and to control whether a given bundle is 
translated 10 a Verilog concatenation or a set of scalar port 
connections* 

• Control over whether a module is instantiated with pons 
connected by position or by name. 

• Detection of duplicate module names, 

HMS Enhancements. As mentioned above. HMS m® a key 
component in our solution. I nfortunately, at the time we 
were developing om solution, HMS did not "version" (keep 
old revisions of) non- ASCII files. Not willing to lose this ca- 
pability lor our DCS files, we wrote a set of Koni shell 
scripts, railed rawfcL rawfeo, rawfutil. and rawFhlst, on top of the 
similarly named standard 1 1 MS client commands. These 
scripts allowed the DCS files to be fully versioned in a man- 
ner that is transparent to the user. This enhancement saw 
wide use for other types of non- ASCII flics, and has since 
!«■ h m incorporated into standard HMS, 

t Net atlases are a DCS construe^ may allow a net tn be referre" I I lame, an alias. 

Splitters with alias tabsfs are a means pf aliasing net Barnes wfte«i splitting off elements of 
buses. Bundles are like buses, except that each element of a BJu.ndle can have a name that is 
not related to any ether element 



make nettists. Not all asetS Of OIU dcs2ver-e?clracted Verilog BJes 
had th€ training license, or inclination in nm DCS to exn acl 
Ihe nellisl hies Tu accommodate Ibese users, scripts were 
developed whose invocation was initiated from a make(1) 
command. This approach was congruent with the existing 
NgteTalkll environment, in which users were accustomed to 
performing the sequence 

fupdate; maks; vsim 

which causes new copies of out-of-date files to be fen hid. 
(.-language models to be compiled if necessary, and a Verilog 
simulation to be started. We added a netlisis target to the 
makefiles which was referenced by the default target. 

Briefly, the netlists target conditionally causes a shell script 
named extract_netfiles to be started which runs dcs2ver under 
the teniunal form of DCS, called DDAS ( Design Database 
Access System). If the user haw a license to run DDAS. 
dcs2ver is executed locally; otherwise, an HP Task Broker 3 
job is submitted to a DDAS seiver. In either case, the needed 
dcs2ver-extracted files are deposited on the user's mat bine in 
a few inin uus. 

Observations 

Our approach to the use of schematic capture in ihe design of 
this ASIC was a tolerant one: our designers were free to use 
DCS as much or as little as desired. The typical designer did 
nol capture a DCS design for every module in the hierarchy 
of the ASIC, hut only went a few levels below the top level 
and then switched over to hand-generated textual Verilog 
for those modules that were predominantly behavioral as 
opposed to structural. One designer had a depth of zero (as 
measured from the top level) in Ihe DCS hierarchy Another 
used DCS only for the dala path, leaving the control lo a text 
editor, viU). The other two designers fully embraced I lie ex- 
periment, having a depth of five in some places. 

Our use of DCS for high-level hierarchical capture was gen- 
erally successful at meeting our goals. The most significant 
complain! was directed at our strict enforcement of the 
policy of not cheek in« extracted netlisis into IIMS. The path 
to get extracted Verilog was somewhat complex in its imple- 
mentation, especially for those who relied oit Ihe remote 
DDAS service. We had some occasional downtime because 
of licensing and IIP Task Broker administration problems, In 
retrospect, it probably would have been more reasonable to 
cheek Ihe extracted Verilog into HMS as nonversioned raw 
files, and use a cronltml job to do a daily make netlisis to keep 
them up to dale, thereby a$$o assuring thai any direct 
textual edits were obliterated. 

\in Mn i Haw in our approach was ihai it entailed a duplica- 
tion of schematic capture effort .The vendor designers nor- 
mally captured schematics in their environment front 
textual Verilog supplied by us. In the case ol this ASIC, (hey 
found themselves capturing schematics whose top lev els 
were essentially identical to the corresponding DCS sche- 
matics. As a result, we are already taking the next obvious 
evohitn mary step: our designers are now directly capturing 
top-level schematics using the vendors environment and are 
sharing files with the vendor via HMS 
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Design and Development of a 120-MHz 
Bus Interface Block Using Standard 
Cells and Automatic Place and 
Route Tools 



The RWJO block runs at 1 20 MHz and interfaces the master memory 
controller chips 60-MHz core with the 120-MHz processor bus drivers. A 
design approach using standard cells, automatic place and route tools, 
and a powerful database management and build tool was used to 
construct the RWJO block. This approach was chosen over a full custom 
or data-path solution because of its reduced risk and the flexibility of the 
design tools. 

by Robert E. Ryan 



The master memory controller chip is one of three ASICs 
(applieaiion-specjllc integrated circuits) ihat make up the 
memory subsystem of certain IIP workstations and business 
servers. The chip interfaces with the processor via the pro- 
cessor bus, which runs al 120 MHz. It also connects to the 
oiher niernorv suhsvsleni components via 1 he memory bus. 
which runs al 60 MHz. Musi <>] the internal logic of the chip 
runs al 60 MHz, The RW. ID block, a portion of the chip's 
logic thai runs at 120 MHz, transfer data be! ween the pro- 
cessor bus drivers and the on-Mllz core logic. 

Functional Description 

The RW_1<J high-speed interface block is designed to trans- 
it t dura and control between the processor bus running at 
I3r0 MHz and thp core logic of the master memory controller 
chip, which runs at GO MHz. To transfer data from Ihe pro- 
cessor bus efficiently requires twice the bandwldih ai die 
00-MHz interface, In operation, two cycles of the 120-MHz 
data arid com ml signals are registered and then the regis- 
tered in format ion is transferred on Ihe next rising edge of 
tbr 00-MHz clock. Pig. 1 is a schematic diagram of the 
RWJO input logic. 

The data transfer is synchronized by delaying the 00 MHz 
clock by 4.100 ns with respect to the rising edge of the 
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Fitf. I, Input logic of the IW JO block. 



120-MHz clock (Fig.2). This synchronization scheme re- 
quires dial die register! o-register transfer ol'daia from the 
120-MHz to Ihe 00-MHz clock domains occur within 4.100 us 
worst case. The reverse principle is used for transf erring 
data from the core of the master memory controller chip out 
onto the processor bus Data and com ml information is 
transferred from ibeOO-MUz to the 120-MHz domains within 
the R\V_I< ) blnrk This information ;fe then multiplexed at the 
120-MIIz rate and presented to the processor bus drivers, 

A special ease exists when the processor bus is idle and we 
wish to present the data directly from tbe 00-MIIz core to 
the processor bt3$ wit hour n -gisrering and multiplexing at 
the l2u-MHz rate. A special palh (fast path) exisls to handle 
this ease, This path also lias Ihe requirement of transferring 
data from die 00-MHz to the 120-MHz domains within 4,100 
ns. Fig. 3 illustrates the timing of die fast path, and Fig 4 is a 
schematic diagram of the RW [O output logic. 

Design Archite ct u r e 

Five dis!intr Junctions are required to transfer data he 
tween the processor bits and tbe core logic. With these five 
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B defined, a bil slice design approach was 
taken to implement Hie entire funcikmalr ice 

each of the five functions using - 
dard cells and Cell:; place and route tools from Cadence 

- Iik . The bil - e stacked tog 

horizontal!} to create the complete RW_IO interface block, 
The following table defines the five bil slice functions and 
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( adence i fpus framework Loots. These abstracts were then 
used to build up the complete \l\\ J< \ functionality. 



Physical Bit Slice Construction 
I -I cause each of the Bve functions required a limited number 
of design elements, a 3emicustom implementation using 
standard cells was chosen. The most complicated function, 
RWADIOBS. required 19 « ells. Tlie five functions were placed 
and routed using a proprietarj tool called Autopr 1 and 
Cadence < Vll:s. Autopr was used to generate the hit slice 
bounding box and standard cell i> fws and to place the 1 .■• i 
ports. Special care was taken in reii placement and the rout- 
ing of the dock signals. Scan control signals and power and 
ground signals were routed sn thai connections could be 
made by abutment when the bil slices were stacked to- 
gether. I fence the construction of the bit slices was complete, 
tell:} abstracts were generated tor each bil slier using the 



Physical Block Assembly 

The top-level Verilng netlist for the RWJjl ) block was gener- 
ated bj a scrip! in such a [Ratine] that the individual bit sfci e 
functions were declared in the order which they physically 
appear from left to right w Ithin the R\V_1( > block. As part of 
tIu net list generation a stackup file was created which de- 
IIihhj the order of the hit slice elements, the pins i>n each bit 
slice rurrespuiulingto ports on the top and bottom of the 
block, and the direction of each pin ( in or 'Hit \, A simple awk 
program was developed thai read the stackup file and 
created two command hies fori ill; The first file directed 
the placement of the pins on the block to line < e j f with the 
appropriate bit slice Tin second command file directed 
CeB3 to place the hit si ire components In the order defii 
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Power and gnd 

by the stackup file, The RW_JO block wm separated into 
four sections to allow I he main power, ground, and clock 
signals to pass through ihe (enter of the block and to allow 
for rioek tree taps (me Kig> §). 

The block has a single siaudard cell row along the bottom 
where clock buffers and a small amount of combinations] 
logic reside, Cellos clock tree synthesis capabilities ware 
used to insert buffers in Hie global data control signals 

(hold_abl_, hold_cdU mux Ctrl rw_0, mux_ctrl_rw_l, mux_ctrLrdataH 
return_byte_swap). The routing of clock. V< k |, and GND signals 
was customised using specific < .'ell :\ run inlands. 

Characterization 

In Ihe early stages of development each bit slice function 
was characterized separately using Aida's Tiniver static tim- 
ing analysis tool, with lumped capacitance and distributed 
\l( delay information back-annotated from Cell3. Timing 
libraries were generated automatically by Timvcr for each 
lujirtioiL A r < ii ii] of eight Timvei runs were required to char- 
acterize mM the Functional paths in e&eft bit slice. Tfce resuiis 
of the eight analysis runs were merged into a single liming 
model of the bit slice. A new Verilog net list w T as generated 
from the physical (el 13 database that included the buffers 
Inserted by (ATI 3. The libraries and Ihe new Vet i log netlist 
were used for ihe initial master memory controller chip top- 
level timing analysis. Final top-level timing analysis used a 
Verilog netlist hack -annotated from Cell;} and full distributed 
IJi back-annotation fort he block, instead of the Timver- 
generated timing libraries. This reduced ihe potential for 
error during final timing analysis. 

Metal Migration Analysis and Power Bus Sizing 

The RW_IO block consists of 87 hii si ires, 68 i >f which are 
the RWADIOBS design. Because the RWADIOBS is the innM 
complex macro and makes \xp mosi of the RW_IO block, it 
was assumed that all S7 bit slices were of litis type for the 



Fig. 5.1 i\\ 10 block tayi u 

metal migration analysis. The firsl step in the analysis was 
to determine the current required by each clement in Ihe 
RWADIOBS macro. This was done by firsl calculating the 
amount of capacitance being switched by each input of 
every cell and then the capacitance being switched by each 
mil pur. which w r as the sum of the device output drivers and 
the wire load (back-annotated front \\w l&yotfl 4 f. Once this 
was done, the equation I aViJ = CVf was used lo determine the 
< urn-] it switching of each element. The current require- 
ments of the elements were summed in determine I 1m total 
for the RWADIOBS block. This value was used to determine 
The total t in rem required by the RW.IO block and to size 
the power and ground buses appropriately. 

Verification and Ex trad ion 
The fully placed and routed block-level database was 
brought into the Cadence Opus frame work where aCJJJSU 
and CDLt netlist of the complete RW_IO block was gener- 
ated. This data was then transferred to Mentor Graphics* 
Cheek Male tool where layout-versus-schematic, design rule, 
and electrical rule checks were performed. Checkmate was 
inslruc led to Oat ten the database to the standard cell level 
and then perform a complete distributed HC extract. This 
data along with the back manual ed netlist was then used for 
final full-chip static liming analysis. 

Build and Design Data Management 
The entire design process, from the construction of ihe bit 
slices to final analysis of the RW_10 block was managed by 
the Atria ClearCase tools. Cleat Case is designed for rnauug 
ing large software development projects. The ClearCase 
tools provided a development em 'iroiimt-nt with configura- 
tion management, revision control, and build management. 
ClearMake, ClearCase ? s make-compatible build tool, was 
used to build all the parts of the RW_IO block automatically. 

t GDSil and CDL are (rhdust^'-ssancjarcl formats loi data mi: ■ 
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Makefiles were generated in optimize the overall construe 
unn pnni/ss and Co allow for efficient rebuilding if necessary, 
ClearMake's parallel distributed building capabilities greatly 
improved the efficient of the build process \>\ parallelizing 
iin construction of the independent scciions ,iinl dismhut- 
ing the build processes across the networked machines. 
During all build steps ( learMake performs auditing of the 
build priK r^rs. t learMake keeps track of all the files read 
and written during the build and creates an audit frail called 
a configuration record which is kepi with the built objed 
(derived objed i. The configuration records are used b> 

I'llMlie bUildS IimIi-H'! M I i 1 1 < ■ if Mir nlrje< t IS 0U1 oldah' ih'l 

needs to be rebuilt QearMake examines the versions of all 
the elements referenced in the configuration record to deter- 
mine it a rebuild is necessary. Ii does no! rely on the "date 

tinie-modifie«r of Mte objecl. The enn figuration nronh ran 
nuitrn'<] \w rln- ili". ii ■ | m -i and user! as a sourer of history 

information regarding any derived object 

Summary 

During the course of the master memory controller chip di 
sign the RW_f(> block wont through many changes, The ini- 
iui specification required fhaJ bi<- block be long and narrow 
Mini cover the entire side of the chip thai interfaces with the 
processor bus (see Rg, 6). 

Later in the project, area became critica] and ii was tteces- 
to reduce the size of the block. An additional require- 
ment on the mastei memory r^iitrauerch%>was1hal ii had to 
support little endian byte order (least significant byte Ls byte 
ih The structure of the RW K > block was Ideally suited to 
iinplemenl the tittle endian functionality which required byte 
swapping the data retttrrjed from trternorj before delivering 
ii to the pn>< essor bus (see Fig 7) 



The originaJ specifications railed for the main power and 
ground buses to pass through the center of the RW_I0 
block Tow urd the pm] of Mie chip development the power 
buses changed and Hie Vrjrj bus had to be moved, This a 
required reconstructing the RW 10 block (see Pig. 8). 

The ose Of standard cells and automat ic place and mute 

tools For i he construction of the RW_i< > block proved to be 
vrr\ advantageous. Because of the speed and flexibility of 
tin 1 tools the design Icmn was i ml hindered when making 
changes to the high-speed interface block as ihey mi^hi 

been ii a full custom approach bad been pursued Tin* 
most complex change in the block, winch required rebuild 
ingall of the bii slices and resizing and reconstrucfeg ihe 
block, took only three days to comptetej ar which Mine the 
block was fully verified 

The design approach of using standard ceils and semicustom 
layout techniques was favored overa data path or full custom 
implementation because <>i us reduced risk However, Gl 1 1 
schematic enerated fdi documentation purp 

well as ;i fallback posits in If a data-path solution had been 
required The combination of standard cells, i ustom I tel|3 
layout, and accurate static timing analysis proved to be an 
effective solution foi the RW Jt thigh-speed interface block. 
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€ Capillary Electrophoresis 

Robert h\ Holloway 

Born m Marlin. Texas, Bob 
Holloway has been a mem- 
ber of the technical staff at 
HP Laboratories since 1 978 
when he joined HP A gradu- 
ate of Rice University, he 
■■■■) a BA degree in 
, 1968 and an MA in 1972. He 
rctiriued his studies at the 
Urmmrsttv of Texas in Austin where he earned a PhD 
in hra chemistry in 1976, and as a postdoctoral fella w 
■ California at Berkeley, where lit 
worked In the hydrocarbon acidity group of Professor 
Andrew Streitwieser As an aupl nations chemist 
with the chemical systems department separating 
yi;ji.ii.i. Bob has worked on capillary electrophoresis 
gels, osmotic flow control, and micro liquid chroma- 
tography applications. Previously, in the medical de- 
partment, he worked nn an infra-arterial blood gas 
probe and a bedside blood gas instrument. His work 
has resulted in fm patents related to gel electropho- 
resis and oxygen sensing media ■ I eon .n 
author of over twenty papers in the areas of ultraceu- 
iiiii.iyrUiLin, mnletolai orbital calculations, oxygan 
sensing media, and capillary electrophoresis. Before 
coming to HP r he was with the Qow-Badische Com- 
pany where he worked as a research chemist He is a 
member of the American Chemical Society and the 
Am ear an Association for the Advancement of Sci- 
ence Bob i s ma rr i ed r ha s a d au ghte r, a nd en | oy s 
jogging, singing, and playing the piano and trombone 

10 HP CE Instrument 



Fred Strohmeier 

A section manager at HP's 
Waldbonri Analytical Djvi- 

■.mce 1988. Fred 
Strohmeier was project 
manager for the CE rnstru 
merit pioditct development 
reported in this sssut. H s 
soction manager responsibi- 
lities include LC and CE sys- 
tems and liquid handling technologies. He holds a 
Diplom fngemeur in mechanical engineering from the 
Karlsruhe engineering school and has been with HP 
since 1379 His previous contributions ai HP include 




work on the pumping system of the HP 1090 LC in- 
strument system and work on the HP 1050 LC system 
including project leadership for the HP T0SD LC pump 
Foot patents related to protein sequencing, LC auto- 
injection, and high-pressure liquid delivery for LC 
iaVe resulted from his work* and he has cbautnored a 
previous article for the HP Journal on the HP 1D50 
pump Fred was born in Bad en- Bad en, Germany He 
is married and has two daughters He enjoys jog- 
yiny canoeing, reading, and traveling 
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Patrick Kaitenbach 

Patrick Kaitenbach is a me- 
chanical engineer at the 
Wa id bono Analytical Divi- 
sion He has been with HP 
since 1991 and holds a Oi- 
;ik'in hyerneur in precision 
engineering which he re- 
I in J991 Presently 
responsible far CE detection 
and capillaries, he has also made previous contribu- 
tions to the design ot diode array detectors and CE 
capillaries and is coauthor of an article about diode 
array detectors in capillary electrophoresis Patrick 
was born in Buhlertal, Germany He is married and 
has two children H>s hobbies include judo, hiking, 
biking, family outings, and gardening 
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Hans*Peter Zimmermann 

R&D engineer Hans-Peter 
if^ i Diplom 

* ' Vv Ingenieur in precision engi- 

\a ^S^m Bering He came tc H^'s 
* Waldbonri Analytic Division 
1 1985 He is currently re- 
xmsihle for thr-i mass 
£JP spectrometer interfacing kit 
for capillary electrophoresis 
arid has also worked on the liquid and capillary han- 
dling systems for capillary electrophoresis, He was 
bom in Mohnngen, Germany and likes hiking 
and motorcycles 
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32 Sample Injection 



Werner Schneider 

Werner SLhueidei was born 

'I I rl.lMl !l i'i '!■■ I! | 

attended the Heilbronn engi- 

»i . i'h-m ,:.| school receiving a 

" I .'Jiplom Ingenieur m |:ii.ii:.i 

\r * I sion engineering in 19B2. 
■- me fu HP's Waldbonri 
Analytical Division In 1982 
where he is an R&D devel- 
opment engineer Previous contributions at HP in 
elude mechanical engineering for the HP T090 LC 
system development and enhancements, and the HP 
1050 system development and heated column com 

it He is presently responsible for mechanical 
engineering o1 future products and enhancements to 
the current line of capillary electrophoresis products. 
His recent work on the HP CE instrument's injection 
and replenishment system and sample tray cooling 
reported m this issue has produced a patent, and his 
earlier work produced a patent on an apparatus for 
thermostatmg the mobile phase in a liquid cjiri 
graph, Werner is mamed, has a son anil ivv: 
ters, and on occasion enjoys scuba diving. 

36 Control Electronics and Firmware 



Fritz Bek 

Frit? Be* is a firmware eng- 
near with the Waldbonn 
Analytical Division. He at- 

I rhc University of 
Stuttgart from which he re- 
ceded a Diplom Ingemeuf in 
mechanical engineering in 
1962 He joined HP 
and is currently responsible 
for CE instrument firmware maintenance and en- 
hancements and future CE product development He 
has also worked as a reliability engineer for The HP 
1 090 LC system and has developer! firmware 
HP 1050 LC system and diode array detector fritz was 
corn in Tettnang, Germany He is married, has two 
children, and enjoys canoeing, skiing, and climbing. 
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Franz Bertsch 




1989, 

i electrical 




"986 
Franz is interested in PC ha 

-ind worked on the development of tl 
■-yzeneeier 
vied fctlhfs is .trjHRhe 

worked in product support at Bruker/KarlsruhB with 
nuclear magnetic resonance tamoo/apny products 
Fran* was burn m Baden-Baden, Germany and in his 
leisure time enjoys hiking and amateur radio 

Klaus Witt 

^^^ An BSD group manager at 

HP's Waidbonr- Analytical 
kjT jB i v i sion. Klaus Win is pres- 
f i ^ C*^w e " 1 1 y a project man age r tn r 
I electrophoresis product de- 
velopment He contributed 
to the e mware, 

and software design For the 
HP 61600 CE instrument 
reported in this issue. He holds a Diplom Ingr- 
electronics from the QsnahrQck engineering school 
anrl has authored a previous HP Journal article about 
a liquid chromatograph solvent delivery system Pre- 
vious work at HP includes electronics and ASIC de* 
♦he HP 1090 pump system and the HP 105Q 
pump module and project management for the HP 
ifuffln ■iiH-riiostat. His work has produced 
three patents relating to an infection system, a pump 
system, and a column thermostat Klaus wa: I 
Nedlirv Poinrnern (HOW Pnlann). and served m the 
German Army foe 1 5 months. Ht Las four 

children, enjoys his family time and driving I 

• Im-A-i: !.::i,iclies 



44 CE User Interface 



Alwin Rilzmann 

3k\ ^ I Alwin RiUmann has been a 

^V^Vk 1 '.oftware engrneer at i ir j, \ 
* / ^^H Waldbonn Analytical Divi- 

m \M w^x ; : 1R9 when he 

first joined HP He received 
a Diplom Ingenieur in com- 
mun matrons i 
ii-niii tr>e Gftenburg engi- 
neering school in 1 986 and 
worked on compiler development for the FORTH lan- 
guage before coming to HP His present responsibili- 
ties include software development for UvWi: 
troscopy, Previously, he worked nn software 
development for the CE m si mm Kir \jsm interface 
reported in this issue Alwin was born in Kenziiigen. 
Germany, is interested in PC hardware and s. I 
and enjoys karate, scuba diving, and skiing. 
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■ spears elsewhere in this section 

50 Reproducibility Testing 



Ulnke J eg i e 

the 

graduating in 1984 
earned a RiD degree in 
chemistry from the Univer 

separation of radioactive 
compounds in saturated salt solutions. Before join- 
ing HPsWaldbronn Analytical Division in 1991, she 
was with the Nuclear Research Center of Karlsruhe 
where she worked on chemical sensor coatings and 
analysis using chemical sensors She is presently a 
project leader for the development of liquid-phase 
reparation systems for capillary electrophoresis 
Ulrilce is interested in separation science, suri 
chemistry, and sensors She has several publications 

tfBas of radioactive compound analysis, chem- 
ical sensors based nn field-effect transistors, and 
analysis of biomolecuies by capillary electrophoresis. 

n member of the GDCH iGesellschaft 0eu1> 
scher Chemifcer) 





57 Column Technology 



Sally A. S wed berg 

Safly S wed berg is a 
member of the technical 
staff of HP Laboratories 
She joined HP in 1986. She 
received her PhD degree In 
analytical bidcftemlstnl li 
1991 from the University of 
- Calrfom Cfts 

* She wor ked on c o J urn n tech - 
i" «!u iv tur the capillary electrophoresis separation of 
bmmo I ecu I es a s repp rted i i nd i s p re s- 

ently responsible for investigating future bioanalysis 
technologies. Before coming to HR she worked in 

1 1 agnostics researc h and ma n age- 
ment Her work has produced eight patents related 
to mod if i ed s u rf a ce s f or s i- . t-quid c hroma- 

tography and capillary electrophoresis. Publications 
include ten papers in Ihe areas of bioanalysis, use of 
FTIR spectroscopy in bioanalysis, and bro separations 
of prot e i : m ember of the Amen ca f i 

-: d'h.iii "or the Advancement of Science, the Protein 
Society and the American Chemical Society She is 
interested in protein/solace interactions and protein 
structure and function. Born in Berkeley. California, 
Sally is a member of the Humanist Community and 
DAWN Other interests include hiking, botanizing, 
theater, and symphony 



Monika Drttmann 

^pr9^ Monika Qittmann has 

W ^^ 388 

I' \ :sx 

^^& ^k I opho- 

^^^™ ^^^™ z H« previous 

jJumns 
,iuid coromatograr 
capillar. - A% She -attended 

the Ruhr University at Boc I lorn in 

cnemistry in 1981 and a PhD in chemistry in 1986 tor 
work on supercritica I f I u id-pha se equ iJ i bri a p i ■ 
professional experience includes work as a postdoc- 
toral fellow at the University of California at Berkeley 
on theoretical studies of fluid-phase equilibria from 
1385 to 1988. She is interested in physical chemistry 
and is an author or coauthor of papers on phase equi- 
librium thermodynamics and symposium presenta- 
tion!) on separation science Mamka was born in 
Essen. Germany She is married, has two sons, plays 
piano, and enjoys harseOat* tiding 

62 Bubble Cell Technology 



Gary B. Gordon 

Gary Gordon was the 
project manager for the HP 
Laboratories phase of the 
capillary electrophoresis 

project He joined 
HP full-time in 1966 as a 
digital designer on the com 
puting counter projt" 
■ arithmetic unit to em- 
ploy digital ICs. Later he became project ma! 
and then section manager for HP's first laser interfer- 
ometer. Gary is perhaps best known for pioneering in 
the 1 970s HP's entry into instrumentation for digital 
designers with such instruments as the logic probe, 
clip, and pulser, the logic analyver, and Ihe sn |i 
analyzer. In 1979 he transferred to HP's central re- 
iborarones, where he has served as pro|ect 
manager for a series nf products fur the HP A' 
Products Group, including the 0RC.A robot and the 
mlcromachrned valve. Recently he transferred to HP's 
technical ladder and is currently a senior research 
engineer Gary received a BSEE degree in RF commu 
ni cations from the University of California at Berkeley 
in 1952 and an MSEE degree in computer design 
from Stanford University in 1970 He has air 
over a dozen technical articles, has had products fea- 
tured on 1 1 magazine and annual report covers, and 
is named as an inventor in 26 patents. He served 
lout years as a U S. naval officer, and is an associate 
professor at California State University at San Jose 
His interests include photography (he shot this issues 
cover |. tennis, flying, classical music, and designing 
and building, modern furniture and houses. 
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Richar d P, Telia 

A native of Utica, New York, 
Rich Telia attended m€ Uni 
versirv of Rhode Island, 
where he received a BS.EE 
degree in 1978 and an 
MSEE in 19BG He is a prin- 
cipal priijBCl engineer with 
the manufacturing systems 
and technology department 
of HP Laboratories where he first began firs HP career 
in 1983. Hjs curfsnt terelop* 

mam of a ss emb I y-a nd ■ r as 1 w n r k c e ! I &fc r f i ber-opti c 
components and the introduction of new assembly 

.<-;y mm HP Previous HP contributions include 
work an automated assembly technology for printed 
circuits, microrobotics, and a prototype inkjet pen 
assembly system His work has produced six • 
in the areas of robotic systems and end effector com- 
ponents Before joining HP he was a research spe- 
cialist with the University of Rhorto Island industrial 
participation program where he focused nn research 
for sensor- based flexible robotic assembly systems 
from 1 980 In 1 982. With interests in computer vi- 
sion, robotics, and flexible automation and assembly, 
Rich has authored or coauthored eight papers m the 
areas of robotics, automation, and assembly automa- 
ton He developed the concept and design of the 
BuhbleWorld lathe and control lf<r for the project re- 
parted in this issue. He is married, has four children, 
ami teaches computers to fourth graders at a local 
•school. Other hobbies include woodworking, camp- 
ing, backpacking, and skiing 

Henrique A.S. Martins 

S Henrique Martins was born 
m I isbon, Portugal. He re- 
ceived an electrical engi- 
neer, i;y degree from the 
InstitutD Superior Tecnico, 
Lisbon in 1976 and MS and 
PhD degrees in electrical 
engineering from the Univer- 
sity of Rhode Island m 198Q 
and 1982. respectively He has nelrf teaching and 
research positions at the depart me rtts of etectrical 
engineering of both the Institute Superior Tecnico 
and i he University of Rhode Island. Since 1985 he 
has '.Jeeu a member of the technical staff at Hewlett- 
Packard La bo rat ones. His research interests lie in 
the areas of computer vision, camera calibration, and 
cur i ■ I of robotic system* 

71 HP Dish Array 

Tom A. Skeie 

I A native of Knstiansand 
~ *"w Mo r way. Tom Ske i e attended 

K the Ur iversity of Wyoming 
yA #£JB f ro m wh i c h he r e ce i ved a 

8 SEE degree in 1984 and an 
MS in computer science in 
1989. He is an H&D engi- 
neer at HP's Storage Solu- 
tions Division and since join- 
ing HP in 1992 his responsibilities have included R&D 
engineering for hardware qualification proce- 
dures. PC storage product software design and devel- 
opment, and coordinating engineering development 





issues with vendors. Tom was a lead engm- ■ 
the HP Disk Array project. Before coming to HP he 
was an R&D engineer for Extended Systems Jnc. m 
Boise, Idaho, and an engineer for the Norwegian 
Telecommumcanui's Administration in Oslo. Norway 
He served one year in the Norwegian Air Farce. Tom 
is married, has a sore and enjoys snow skiing, hiking, 
soccer, and racguemaJI when time allows after being 
a husband, dad, and student working on an ME de- 
gree in engineering management, 

Michael R. Rusnack 

A program manager at HP's 
Storage Solutions I ■ 
Michael Rusnack was re- 
sponsible for managing soft- 
ware design, develop- 
ment, and iBsi for the HP 
Disk Array controller. His 
current responsibilities con- 
tinue to be in the area of PC 
data storage Previous HP accomplishments include 
work in product assurance, manufacturing, R&D engi- 
neering, and R&D management for PC information 

;•- products. His work has resulted in a patent 
for data integrity assurance in a disk drive upon 
power failure and a patent for a powerfai^-proiected 
memory module He has authored articles on disk 
recording technology and SCSI, and various field pub- 
lications on topics concerning engineering environ- 
mental specifications He received a BS degree in in- 
terdisciplinary engineering in 1976 and an MS in 
electrical engineering in 197B bosh from Purdue Uni- 
versity. He was born in East Chicago, Indiana and 
served four years in the United States Air Force 
Michael is married, has a son, and enjoys studying 
karate, weight lifting., race walking, and cross -coun- 
try skiing. He also Irkes wood wooing and playing 
with PCs both at home and at wo-k His civic activi- 
ties include volunteer work for the March of 
Dimes Foundation, Toastmasters, and college rcnui 
ing at Purdue 

82 COBOL SoftBench 



Cheryl Carmichael 

" With HP since 198B. Ch ery! 
Carmichael is a lead learn- 
Ing products engineer at 
HP's Software Engineering 
Systems Division. She 
has worked on hardcopy 
manuals, online help, and 
computer-based tanning for 
Softhench Encapsulator. C 
Softbench, C-k Sofrhench, anri COBOL SufiOerd. 
products A Rucky Mountain native, Cheryl headed 
west and received her BSEE degree from California 
State University fit k He-inn in 1991 She is married 
and has two children. Her outside activities involve 
working with senior citizens 
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David A. Burgeon 

Bom in Toledo, Ohio, Dave 

Borguon is a member of the 
technical staff at the Work- 
station Systems Division, 
He joined HP m 1981 at the 
Desktop Compute' 0'. :. D i 
Currently involved with 
graphics hardware lab engi- 
neering productivity, ho 
responsible for too Is procurement, integral! ' • 
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